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Abstract 
Insects are important components of ecosystems – they are diverse, sustain multiple eco-
system services and play an important role in shaping the overall community, including other 
taxa. What then structures insect communities? Are there certain rules that govern their assem-
bly, or are such communities just a random collection of species? Does habitat disturbance affect 
community structure and if so, how? And – does habitat disturbance change the rate of important 
ecological functions sustained by insects? To address these questions, I used ants as a model 
system. More specifically, I used the morphological traits of ants and measures of ecological 
functions sustained by ants in different habitats.  
The thesis is based on two chapters, each a manuscript formatted for a scientific journal: I) 
Budaviciute, S., Cabeza, M., Blanchet, F. G. and Roslin, T. Disentangling the impact of environ-
mental filtering from competition in structuring Malagasy ant assemblages and II) Budaviciute, S., 
Cabeza, M. and Roslin, T. Diversity and functioning of Malagasy ant assemblages along a dis-
turbance gradient. 
To understand whether environmental filtering or competition shapes ant communities, I 
compared the distribution of trait values within and among habitats to distributions generated by 
null models. As indicators of environmental filtering, I searched for the aggregation of particular 
trait values in specific environments; as a sign of competition, I searched for the overdispersion of 
trait values compared to the random null model.  
To understand how habitat disturbance affects the community composition and ecological 
functions performed by Malagasy ants, I carried out field experiments in three types of habitats 
varying in their level of disturbance (primary forest, secondary forest and banana plantations). In 
each of them, I measured the functions of predation, seed removal and mutualism between ants 
and honeydew-producing Hemiptera.  
The morphological analyses suggested that ant communities are assembled at random 
among and within habitats, with a few exceptions. More precisely, when partitioning ant commu-
nities into groups of differentially-sized species, I found signs of environmental filtering among 
assemblages of large ants in a dry habitat, and among assemblages of medium-sized ants in a 
dry and an open habitat. Signs of the competition were evident among small ants in a disturbed 
habitat. 
Habitat disturbance left no detectable imprint on the species richness, abundance or com-
position of ant communities. Likewise, measures of key functions sustained by ants (i.e predation, 
seed removal and mutualism between ants and honeydew-producing Hemiptera) did not detecta-
bly differ among habitats varying in their degree of disturbance. 
The factor best explaining the lack of significant structuring of ant traits among habitats 
might be the scale at which I was trying to detect the processes. Random patterns within habitats 
could be a result of individuals simply modifying their foraging behaviour or activity without ac-
companying changes in morphology. For some groups of ants, like large and medium ants in dry 
habitats, local conditions may still pose a strong environmental filter. As a result, particular trait 
values may be selected under such conditions. In the case of small ants, I found signs of compe-
tition only in disturbed habitats. One potential reason is that small ants, due to the small grain size 
at which they experience their environment, are forced to compete for similar food and nesting 
resources. Perhaps such resources are particularly uniform in disturbed habitats, thus accentuat-
ing competition.  
Factors contributing to the lack of detectable differences in species composition between 
the habitats and in the rates of ecological functions examined may be three-fold: first, the disturb-
ance was low to start with, with the most disturbed habitat still featuring ample vegetation. Thus, 
communities may not have been that strongly affected even by the initial disturbance. Second, 
communities may have been recovering quickly with the regrowth of secondary vegetation. Third, 
all disturbed habitats remained in spatial proximity to undisturbed habitats, which may have con-
tributed to sustaining diversity in the disturbed areas. 
Overall, this work contributes to our understanding of forces governing community struc-
ture, and of the effects of habitat disturbance on insect communities. Importantly, the fact that 
habitat modification left no detectable imprints on ant community composition, ant abundance or 
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on ecological functions sustained by ants may be seen as positive news for nature conservation. 
Perhaps ant communities may be both structurally and functionally resilient to habitat disturbance 
if the level of disturbance is only not too drastic? 
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Summary 
Silvija Budaviciute 
 
Department of Biosciences, P.O. Box 65, FI-00014, University of Helsinki, Finland 
Introduction  
What forces structure ecological communities? 
Identifying the forces that shape communities has been a challenge for community ecol-
ogist for decades, and remain at the heart of ecological research today (Levins 1992, McGill et al. 
2006, Agrawal et al. 2007). In very general terms, what community ecologists do is indeed try to 
understand how the groupings of species that form communities are influenced by environmental 
constraints and interactions among species (Belyea and Lancaster 1999). 
The set of species coexisting in a local community is always a subset of the regional spe-
cies pool – i.e. of the larger set of species either evolving in the area or reaching it by colonisation 
from elsewhere (Zobel 1997). The forces selecting species from the regional pool, i.e. the “filters” 
between the regional and local set of species, have been the topic of much recent interest 
(Weiher and Keddy 1995, Ricklefs 2008, Webb et al. 2010). Prominent among these filters are the 
forces of competition and environmental filtering (Fig. 1). 
For a long time, competition was given a central stage in community ecology (MacArthur 
1972). Competition theory states that there is a certain limit to how many similar species can fit 
into a particular community (Gause 1934, MacArthur and Levins 1967). The theory predicts that 
competing species should co-occur less frequently than expected by chance (Diamond 1975). 
Based on both experimental and observational evidence, competition is no doubt a widespread 
phenomenon in nature (Connell 1983, Schoener 1983). Yet, other factors may act as “filters”, too. 
As all species need to make use of the local environment that they inhabit, it may be similarities 
rather than differences that allow species to persist in communities. This process is referred to as 
a niche or environmental filtering, i.e. the selection of species adapted to the local environment. 
The process can be seen as a particular set of ecological filters that exclude individual species 
from the regional species pool, by selecting for or against traits suitable for a given habitat (Zobel 
1997, Mouillot et al. 2005). Under this theory, it is expected that the species co-occurring in a 
given environment will exhibit more similar phenotypic features than expected by chance – i.e. 
than if they were drawn at random from the regional species pool (Keddy 1992, Mouillot et al. 
2005) (Fig. 1). 
To date, there is no clear consensus with respect to which of these forces structure insect 
communities the most strongly. What has emerged is the notion that no single process can be 
identified as being dominant across insect communities (Ribas and Schoereder 2002; Stuble et al. 
2013). While there is no doubt that competition remains important in at least some cases (Savo-
lainen and Vepsäläinen 1988, Gotelli and Ellison 2002, Fayle et al. 2015), environmental filtering 
can also play an equally important role under other conditions (Fowler et al. 2014). 
Understanding community structure through morphology 
From the above assessment of competition and environmental filtering, an interesting idea 
transpires: if competition is likely to select for dissimilar species, and environmental filtering for 
similar species in the community, then these processes should be evident in the resultant distri-
bution of trait values. Thus, traits are expected to directly reflect species interactions with the en-
vironment or with other species (Diamond 1975, Weiher and Keddy 1995, McGill et al. 2006). In-
spired by this notion, trait-based approaches exploring community assembly recently gained in-
creasing popularity among ecologists (McGill et al. 2006). 
By drawing on such approaches, non-random trait distributions have already been detect-
ed in many animal groups (Ricklefs and Travis 1980, Rabosky et al. 2007, Ingram and Shurin 
2009). There is indeed a number of ways to explore trait variation to reveal community assembly. 
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Fig. 1 A schematic drawing of community assembly theory. Organisms have to pass several filters to estab-
lish themselves in the local community. The regional pool is set by species evolving in the area, and species 
reaching the area by dispersal from elsewhere. From this regional pool, environmental filters select those 
species whose mean trait values (represented here as black dots) match the specific abiotic conditions of 
the local environment. Competition then acts as a biotic filter selecting those species whose mean trait 
values are internally sufficiently dissimilar (cf. the limiting similarity hypothesis). The resultant community 
then contains only trait values, which have been selected by this hierarchy of environmental and biotic fil-
ters. 
 
For example, to demonstrate environmental filtering, one can associate environment parameters 
with traits (e.g. Cornwell et al. 2006). Competition can be detected by looking for trait segregation 
in a community (Stubss and Wilson 2004, Vergnon et al. 2013, Fayle et al. 2015). Overall, analyses 
of traits can then offer important tools for detecting the signatures of assembly rules – and the 
same tools can be universally applied independently of taxonomic group. 
How does habitat disturbance affect communities?  
If the environment affects communities, then so should environmental disturbance (Menge 
and Sutherland 1987). Of course, the effects of disturbance will depend on its intensity and fre-
quency (Petraitis et al. 1989, Pickett et al. 1989, Molino and Sabatier 2001). Under intense dis-
turbances, species can be eradicated, species diversity reduced (Attwood et al. 2008, Gardner et 
al. 2008), and community structure reshaped (Menge and Sutherland 1987, Pickett et al. 1989). 
However, how different communities respond to these factors is less understood. Evidence to 
date is pointing in different directions. For example, some studies demonstrate that dung beetle 
species richness and abundance are severely affected by habitat disturbance (Davis et al. 2001, 
Edwards et al. 2014), but others found that once the disturbance ceases, recovery of dung beetle 
communities may be rather quick with the regrowth of secondary vegetation (Quintero and Roslin 
2005). 
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How habitat disturbance affects functional diversity is even less understood. What is clear 
is that habit modification through impacts on species richness, community composition and 
foodweb structure may modify ecosystem functions (Lewis 2009, Cardinale et al. 2012), but the 
exact consequences remain to be further explored (Lewis 2009). 
Ant communities as a model system 
Ants are among the most numerous organisms in the world (Hölldobler and Wilson 1990). 
Both their wide distribution and high local abundance, and the evidence that their morphology 
reflect their ecology, makes them a good target group for studies of community structure and 
assembly (Kaspari and Weiser 1999, Weiser and Kaspari 2006, Yates et al. 2014). Ants are also 
involved in a number of different ecosystem processes and play an important role in many eco-
systems (Philpott et al. 2010). When combined, all of these features make them an ideal system to 
study ecosystem functionality. 
Environmental filtering and competition among ants 
A substantial body of work suggests that ant communities are structured by competition 
(Fellers 1987, Savolainen and Vepsäläinen 1988, Sanders and Gordon 2003, Blüthgen and Fiedler 
2004). The evidence of competition in ant communities include the examination of variance pat-
terns in the spatial and temporal distribution of species (Albrecht and Gotelli 2001, Sanders et al. 
2003, Stuble et al. 2013), competitive hierarchies among species (Savolainen and Vepsäläinen 
1988), differences in foraging behaviour (Davidson 1977, Cerdá et al. 1998), ant mosaics (Adams 
1994, Blüthgen and Stork 2007) and morphological differentiation (Fayle et al. 2015). More recent-
ly, however, there has been evidence suggesting that competition is not the only force structuring 
ant communities (Ribas and Schoereder 2002, Gibb and Hochuli 2004, Cerdá et al. 2013). More 
and more findings now attest to the influence of environmental filtering in assembling ant commu-
nities (Dunn et al. 2007, Wiescher et al. 2012, Fowler et al. 2014). 
Approaches to studying assembly rules among ant communities 
The relative roles of different structuring forces in ant communities can be inferred through 
several alternative approaches. One way is to examine the role of competition and environmental 
filtering through morphology, often combined with species co-occurrence data (e.g Gotelli and 
Ellison 2002, Fayle et al. 2015). Studies of this type have often given contradictory results regard-
ing what forces structure ant communities. For example, some studies found that ant body size 
was evenly dispersed at small spatial scales, but less overdispersed at larger spatial scales 
(Gotelli and Ellison 2002, Nipperess and Beattie 2004). Another study (Sanders et al. 2007) found 
segregation in body size at a regional scale, but no evidence of body size segregation at a local 
scale. 
The forces structuring ant communities can also be studied by examining changes in ant 
community composition in time. For example, competition can be detected by studies of compet-
itive hierarchies among species (Savolainen and Vepsäläinen 1988, Retana and Cerdá 2000) or 
interspecific differences in resource use (Sanders and Gordon 2003, Blüthgen et al. 2004). These 
and many other studies suggested that changes in community composition may cause changes 
in ecosystem functions performed by ants (Crist 2009). Yet, there has been little work examining 
how changes in ant community structure influence the rate of ecosystem functions. Most such 
work to date examines changes in ant-mediated seed dispersal. Overall, these studies suggest 
that for seed dispersal is more strongly affected by ant abundance than by species composition 
(Zelikova et al. 2008, Ness et al. 2009). Overall, much remains to be understood regarding the link 
between ant community structure and function. 
Ant communities under habitat disturbance  
As any other community, ant communities are also affected by disturbances (Andersen and 
Majer 2004, Widodo et al. 2004, Pacheco et al. 2013). Effects observed to date include the loss of 
ant species richness (Widodo et al. 2004, Bihn et al. 2008), abundance (Perfecto et al. 1997, 
Widodo et al. 2004) and changes in community composition (Dunn 2004). Disturbance has also 
been found to alter the balance of competitive interactions (Sanders et al. 2003) and the rate of 
ecological functions performed by ants (Holway et al. 2002). However, exactly how the functional 
role of ants is altered under habitat disturbance requires further investigation (Crist 2009). Existing 
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evidence on interactions between ants and plant seeds suggests that the effects of habitat dis-
turbance are much dependent on how the functionally dominant ant species are affected (Ness 
2004, Gove et al. 2007, Zelikova et al. 2008, Ness et al. 2009). If the abundance of functional key 
species is not reduced by habitat disturbance, then the function of seed-ant interaction is sus-
tained (Zelikova and Breed 2008). This evidence suggests that ants interacting with plant seeds 
might be functionally non-redundant, i.e. that one ant species cannot substitute the functional role 
of another. 
With respect to predation, the link between ant diversity and the rate of the function is less 
understood. With the exception of a study by Fayle et al. (2011), the factors affecting predation 
have been poorly investigated and results are contradictory. For example, one study found that 
ant predation on scale insects was higher in natural mangroves than in plantations (Ozaki et al. 
2000), whereas in another setting (Philpott et al. 2008), ant predation on arthropods seemed unaf-
fected by the complexity of agroecosystem in intensively managed coffee plantations. 
With respect to mutualistic interactions, associations between ants and sap-feeding He-
miptera have been relatively well studied (e.g. Delabie 2001, Stadler and Dixon 2005, Fischer et al. 
2015). Yet, paradoxically little work has been aimed at understanding ecological consequences of 
such interactions (Styrsky and Eubanks 2007) and especially how habitat disturbance affects 
such interactions. Nevertheless, the scarce studies available to date, as mostly emanating from 
fragmented habitats, suggest that these interactions might be quite strongly disrupted by human-
induced disturbances. For example, in grassland fragments, ants tended aphids more frequently 
than in non-fragmented plots (Braschler et al. 2003). In a comparison between clear cuts and old 
forest stands, ants were found to harvest the similar amount of honey dew in both habitats, 
whereas harvesting was the lowest in forest stands of intermediate age (Gibb and Johansson 
2010). This suggests that habitat disturbance might have long lasting effects on these types of 
interactions, and on the ant-driven ecosystem functions associated with them. 
Malagasy ants as the ultimate test case 
The ants of Madagascar offer a rare opportunity for studying the rules for ant community 
assembly, and the ecological functions emerging from the resultant structure. Overall, the ant 
fauna of Madagascar exhibits high endemism, with about 95% of all ants currently described 
from the island being found nowhere else (Fisher 2009). To date, of 1000 species recorded from 
the island, 418 species have valid scientific names. Of 46 genera occurring in the island, 4 genera 
are endemic to Madagascar (Fisher 2003, 2009). New ant species and genera are still constantly 
being discovered (e.g. Fisher 2005, Bolton and Fisher 2014, Yoshimura and Fisher 2014). Howev-
er, extreme levels of habitat destruction in Madagascar (Harper et al. 2007) pose a great threat to 
all biodiversity on the island. An estimated 9.1% of all Malagasy species have already gone ex-
tinct from deforestation (Allnutt et al. 2008), and this estimate very likely includes at least some 
ants (Allnutt et al. 2008, Irwin et al. 2010). As a recent study showed the known occurrences of 
many ant species to be outside the protected areas, the future of Malagasy ants remains perilous 
(Kremen et al. 2008). 
Despite the uniqueness of the Malagasy ant fauna and the serious threat posed by pro-
gressing habitat destruction, few studies have explored the ecology of these species. While some 
studies have described patterns in ant diversity (Fisher 1997, 1998, 1999, Fisher and Robertson 
2002), few studies seem to explore community structure. Among such studies to date, one 
probed for the presence of ant mosaics in Madagascar, but found none (Dejean et al. 2010). An-
other, very recent study, used a phylogenetic approach to disentangle the rules for ant communi-
ty assembly in Madagascar. The authors (Blaimer et al. 2015) reported that several different forc-
es appear to be structuring ant communities in the two habitats targeted by the study: dry decid-
uous forest and lowland humid forest. Habitat filtering appeared more prevalent in the humid hab-
itat while competition seemed dominant in the dry habitat (Blaimer et al. 2015). Thus, the scanty 
evidence on Malagasy ant communities available to date suggests that different forces in different 
habitats even within this single island may govern community structure. Thus, much more work in 
clearly required to arrive at a satisfactory understanding of the forces structuring ant communities 
in both Madagascar and elsewhere. 
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Objectives 
The aim of my thesis was to examine ant community structure from morphological and 
functional perspectives. Where most studies on community structure focus on a specific ant 
community, a given scale and a certain function, I took a more versatile approach by exploring 
community structure at several different levels, by splitting the larger community into groups of 
similarly-sized ants, and by targeting several different functions. More specifically, I asked:  
A) Does environmental filtering or competition shape Malagasy ant communities? For this 
purpose, I compared the distribution of trait values within and among habitats (I).  
B) Does habitat modification affect the community composition of Malagasy ants, and 
how are these effects reflected in ecological functions provided by ants (II)?  
Methods 
In this thesis, I combined morphological and experimental data. The details of each method 
are provided in individual manuscripts (I and II). In this section, I will provide a summary of data 
and methods used. 
Morphological measurements 
To understand whether competition or environmental filtering operates in structuring ant 
communities, I used morphological trait data from different habitats across the island of Mada-
gascar (Chapter I, Fig 2). By comparing observed distributions of the trait values to that from sim-
ulated “null communities” – as generated under the assumption of no interspecific interactions or 
environmental filtering – I aimed to identify the process(es) involved in structuring ant communities 
among habitats. As ants of similar size can be assumed to interact more strongly than ants of 
different size (Kaspari and Weiser 1999, Farji-Brener et al. 2004), I distinguished groups of similar-
ly-sized ants within habitats using K-means classification. Through this approach, I was able to 
refine my comparison of observed and expected community composition to the sub-groups 
where I expected the imprints to be clearest. 
Field experiments 
To understand the extent to which habitat disturbance affects the structure and functioning 
of ant communities, I carried out experimental work in Ranomafana National Park, Madagascar 
(21°15'12.3"S 47°25'18.2"E) (Fig. 2). More specifically, to assess ecosystem functions sustained 
by ants, I recorded the rates of ant predation, plant seed removal and mutualism between ants 
and honeydew-producing Hemiptera in three types of habitats disturbed to different levels. To 
examine habitat-specific differences in ant community composition, I also sampled ants with pit-
fall traps. 
Key results  
The most important findings of this thesis were 1) that ant communities appear to be as-
sembled largely by random processes (rather than structured by competition or environmental 
filtering), and 2) that ecological functions sustained by ants seem resilient to the moderate rates of 
habitat disturbance explored. Below, I will discuss each finding in turn. 
No pattern in trait distribution across all species, and inconsistent patterns among 
finer groups of similar-sized species 
In my exploration of ant community assembly patterns, I expected to observe some clear 
imprints of environmental filtering across all species – as suggested by several previous reports of 
environmental filtering observed at comparable scales (Gotelli and Ellison 2002, Nipperess and 
Beattie 2004, Wiescher et al. 2012). Contrary to these expectations, I found only random assem-
bly patterns (I). Nonetheless, when I increased my resolution by exploring finer groups of similar-
sized species within the community, I found more variation in terms of patterns uncovered: 
among small ants in a disturbed habitat, I detected evidence of competition. Among large and 
medium-sized ants, I found signs of environmental filtering in some of the dry habitats. 
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Fig. 2. Sampling design implemented in this thesis. For Chapter I, I compiled a dataset on morphological 
trait values from ant photographs available in AntWeb (2011). Each AntWeb record (as shown by a black 
dot in the left-hand map) was assigned to one of the habitat types used in the Kew garden habitat scheme 
(Moat and Smith 2007).* For Chapter II, I conducted the detailed sampling of local ant assemblages and 
ant-sustained ecological functions within the Ranomafana National Park (right-hand map).** Individual sites 
were sampled in two different years, with sampling in the years 2011 and 2013 shown by blue and red dots, 
respectively. Abbreviation PF marks sites in primary forests, whereas SF indicates sites in secondary for-
ests and B in banana plantations.  
* Note that this map does not include AntWeb records without coordinates (referred to in the thesis 
as “undefined”). 
** The map was produced using R (R Core Team, 2014) package “ggmap” (Kahle and Wickham 
2013), with Google Maps (2014) as the base map. 
 
A reasonable explanation for the random patterns prevailing at the level of the full commu-
nity is that such a gross pooling of apples and oranges may act to smudge finer details. Thus, the 
scale at which we study community assembly may come with an important impact on the pat-
terns uncovered, and our inference from them (Spiesman and Cumming 2008, Blanchet et al. 
2013). To detect the true imprints of the processes in question, we then first need to define the 
set of truly interacting species. Ant size (Donoso 2014, Fayle et al. 2015) and habitat type 
(Sanders et al. 2007) might have a real influence on their resource use, i.e. on who interacts with 
whom, and thus on which mechanism is structuring the respective part of the community.  
That some subsets of ants may show random pattern even when resolved by size is per-
haps attributable to another consideration: maybe evolutionary pressures are not strong enough 
to cause morphological differentiation within habitats? As ants may show substantial behavioural 
plasticity (e.g. Chapman et al. 2011, Gordon et al. 2011, Bengston and Dornhaus 2014), groups of 
similar ants can potentially modify their behaviour without accompanying changes in morphology 
(Cerdá et al. 1998). Still, the limits of behavioural plasticity may be reached in given settings, as 
detected for the small ants in a disturbed habitat. Maybe here, local resources are simply so lim-
B
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B
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SF
PF
PF
PF
B
B
B
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2.9 km
Ranomafana National Park
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ited (Armbrecht et al. 2006) and the constraints on movement imposed by small size so significant 
(Kaspari and Weiser 1999) that local resource competition is accentuated?  
That large and medium-sized ants appear structured by environmental filters in some of the 
dry habitats might be explained by the particularly strong effects of such environmental condi-
tions as heat and relative humidity (Wiescher et al. 2012). Individual species occurring in such 
extreme conditions can dramatically differ in thermal and desiccation tolerance (Oberg et al. 
2012), which in our study such stress seems to be accentuated among large and medium ants.  
Taken together, my findings highlight the importance of exploring Malagasy community 
structure, and demonstrate that Malagasy ants may not necessarily adhere to the assembly rules 
governing ant communities in other regions and ecosystems. This might especially be true in the 
light of a recent study on ant communities in dry and humid forests (Blaimer et al. 2015). Contrary 
to my results, these authors found signs of environmental filtering in a humid forest, and evidence 
of competition in a dry forest, in stark contrast with my current results. 
Moderate habitat disturbance does not significantly change ant communities or 
their function 
Ant community structure was not significantly altered under various habitat disturbance re-
gimes. In terms of species richness, abundance and species identity, I detected no significant 
differences between disturbed and undisturbed habitats. Differences in the removal rate of honey 
baits (used as a proxy for ant interactions with sap-feeding Hemiptera), protein baits and seed 
baits between the habitats were also non-significant (II). These patterns agree with the findings of 
other studies, which suggest that ants might be resilient to various levels of disturbance (e.g. 
Dunn 2004, Luke et al. 2014, Guénard et al. 2015). In the current study, the similarity of communi-
ties between habitats could be explained by a quick recovery of the vegetation of secondary habi-
tats (Guariguata and Ostertag 2001) or by the low intensity of the initial disturbances. In our study, 
the secondary forest habitats were only selectively logged to start with, and many of them are 
now under the protection of the national park. The banana plantations that I examined might ini-
tially have been subject to slash and burn practices, but are rarely disturbed by intensive man-
agement practices later (John Cadle, personal communication). Moreover, all of the plantations 
examined remained relatively close to undisturbed habitats. This closeness to species-rich habi-
tats could explain why banana plantations sustain a species composition similar to that of primary 
forests. Overall, the pattern observed thus seems to agree with findings from other studies, which 
indicated that natural vegetation plots embedded in a matrix of agriculture plots might help to 
sustain high ant diversity (Pacheco et al. 2013). 
The lack of change in predation rates with habitat disturbance observed by myself confirms 
earlier findings from coffee plantations managed with different intensity – here, too, were similar 
levels of ant predation detected across habitats (Philpott et al. 2008). For sugary (honey) baits, I 
likewise did not observe any difference in removal rates among habitats. This pattern contradicts 
that observed in a study comparing honeydew collection by ants in clear-cuts versus forest 
stands of intermediate and old age (Gibb and Johansson 2010). It this study, the rate of honey-
dew collection was the lowest in habitats of moderate disturbance while it was similar among 
clear-cuts and old forest stands. Finally, in my study, I also detected no differences in interactions 
among ants and seeds between different habitats. Here, the lack of a functional difference may be 
due to a lack of effect on the functionally dominant species. Previous studies indicate that ant-
induced seed dispersal success in disturbed habitats depends on the effects of disturbance on 
the key ants responsible for this function (Zelikova and Breed 2008, Leal et al. 2014). Thus, in my 
study, the abundance of key ant species may simply have remained unaffected by the habitat 
disturbance. As the overall rate of seed removal remained high, my results suggest that ants 
might be playing an important role in sustaining plant diversity in degraded areas. As such, they 
agree with a study who showed secondary seed dispersal by ants to be crucial for the regenera-
tion of degraded tropical forests (Gallegos et al. 2014). 
Overall, my findings offer the positive message that moderate habitat disturbance may 
come with limited impacts on ant diversity and on the ecological functions performed by ants. As 
species composition remained similar between habitats, so did ecological function. However, the 
patterns observed in this study will clearly need to be verified in different experimental settings, 
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and across a much wider range of functions and disturbance regimes before we can arrive at 
general conclusions and recommendations. 
Conclusions 
In this thesis, I applied a trait-based approach, field experiments and observational studies 
to study the assembly rules of ant communities, and ecological functions sustained by these 
communities. I found a mixture of trait clustering, overdispersion and random patterns of trait dis-
tribution among and within six habitats of Madagascar (I). In terms of ecological functions, I 
demonstrated a striking similarity in community composition and function between three levels of 
habitat disturbance (II). When combined, these results lead me to conclude that no single force 
will dominate in structuring ant communities at regional, local scale – or more importantly within 
groups of similar size ants. Rather, different forces will take a different role in different groups and 
settings. As a consequence of the loose link between habitat and community structure, habitat 
disturbance will come with relatively subtle effects on ecological functions sustained by ants 
across moderately disturbed habitats. Given the scarcity of previous studies examining the func-
tional consequences of ant performed functions in various habitats, this study raises the interest-
ing questions of whether these patterns will also be true for other insects – and other organisms – 
in Madagascar. 
Future perspectives 
In this thesis, I present results, which contribute to a general understanding how communi-
ties are structured and function, especially in changing environments. While my thesis is focused 
on ant community structure at a regional scale and under habitat disturbances, it also suggests 
possible directions for further research: 
First, my results illustrate the importance of the scale at which we observe processes for 
the inferences drawn. This was shown by the impact of environmental filtering and competition on 
ant community structure, where my interpretation changed with the level at which ant communi-
ties and subcommunities were resolved. Thus, my results suggest that to arrive at a general in-
sight into how environmental filtering or competition structure communities, we should explore 
Malagasy ant community structure at several different spatial scales or levels. 
Second, my current trait-based approach used variation in trait values for detecting envi-
ronmental filtering and niche partitioning, but inferring processes from trait patterns is hard. Such 
approach is purely descriptive and it lacks predictive power with respect to how traits are related 
to these processes. Ideally to increase the predictive power of the trait-based approach, future 
studies should construct experimental communities and explore how traits relate to processes in 
such communities.  
Third, I have analyzed only three levels of habitat disturbances, which were all relatively 
mild. A focus on this truncated gradient may not be sufficient for generating accurate predictions 
regarding how ant communities will react to a wider range of habitat disturbance. To arrive at 
such predictions, we should include strongly disturbed habitats, such as recent slash and burn 
areas, rice fields and highly degraded or simplified farmlands. Another feature limiting the scope 
for extrapolation from my results is the proximity of source populations within the protected areas 
of the Ranomafana National Park. To isolate the impact of these sources, we should also study 
disturbed habitats far from any source populations. My study was also targeted on a limited set of 
functions. To arrive at wider generality, we should expand the number of functions and the range 
of habitats studied. 
Finally, studying factors affecting community structure is not just a scientific whim. 
Deforestation in Madagascar is and remains high (Harper et al. 2007, Allnutt et al. 2013). It is likely 
that some ant species have already gone extinct, or will do so shortly (Irwin et al. 2010). Thus, 
even if my current results suggest that ant diversity will be resilient to moderate habitat disturb-
ance, we do not know for how long this effect will last. Equally important, disturbed habitats are 
prone to species invasions, and native ant communities might thus be replaced with invasive ant 
species. This can cause instability in the competitive hierarchies of ants, and quick disassemble 
of native ant communities (Sanders et al. 2003). Per extension, habitat disturbance and ant inva-
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sion may ultimately cause ecosystem meltdown (O’Dowd et al. 2003). Such meltdown can involve 
not only species diversity, but also ecosystem processes such as seed dispersal, predation or 
mutual interactions (Holway et al. 2002). Both risk factors – habitat disturbance and invasive spe-
cies (Dejean et al. 2010) – are already present in Madagascar and may be threatening native ant 
communities. Thus, to prevent community disassembly, and to create better plans for conserva-
tion, we urgently need an improved understanding of Malagasy ant communities. To this, I hope 
that my thesis contributes an important step. 
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Abstract 
The role of ants in ecosystems may be determined by their morphological traits. If environ-
mental filtering (i.e. the convergence of morphology among species living in a given environment) 
were important in structuring communities, then we should observe less variation in trait values 
than expected at random. If, in contrast, ant communities were structured by competition, then 
we should observe higher variation in trait values (i.e. the “spacing out” of trait values) within 
communities than in a random draw of species.  
In this study, we focus on a suite of twelve morphological traits as measured in six habitats 
across Madagascar. We examine whether ants can be grouped according to similarities in trait 
values, and how the groups thus found map onto different habitats. We then test for the imprints 
of environmental filtering and competition, respectively, by comparing the distribution of trait val-
ues observed to those expected based on relevant randomizations.  
Overall, we were able to distinguish three groups of ants, with group assignment associat-
ed with body size. When we examined the distribution of trait values among ants of all sizes, we 
found no evidence that either competition or environmental filtering would be structuring commu-
nities in any of the habitats examined. When the overall assemblages were resolved to groups of 
ants of similar size, more patterning became evident: among ants of large and intermediate size, 
trait values in three habitats proved more convergent than expected based on randomizations. In 
the group of small ants, trait values in degraded humid forest appeared more divergent than ex-
pected by chance.  
Our results reveal that both the environment and interspecific competition may contribute 
to structuring Malagasy ant communities, but that these imprints are only detectable when as-
sessed within relevant groups and settings. If species of different sizes (as potentially using differ-
ent resources and exhibiting different life styles) are grouped together, then relevant patterns may 
be blurred. What our results also suggest is that the rules for community assembly may vary be-
tween regions and environments. Taken together, our findings highlight the importance of versa-
tile empirical assessment before “general” rules are derived. 
 
Key-words: Ants, competition, environmental filtering, Madagascar, null model, traits 
Introduction 
It is widely acknowledged that commu-
nities are structured by a hierarchy of several 
filters (Diamond 1975, Weiher and Keddy 
1995, Webb et al. 2010). The theory of deter-
ministic community assembly divides these 
filters into two major groups: environmental 
filtering and competition (Belyea and 
Lancaster 1999). Within communities, the dis-
tribution of species’ traits has been suggested 
to reflect the relative roles of these two forces 
(McGill et al. 2006). Here, environmental filter-
ing – that only species with characteristics 
allowing them to use local resources are able 
to establish themselves and persist in a given 
habitat – is expected to be detectable as a 
convergence in traits among species inhabit-
ing a given environment (Weiher and Keddy 
1995, Grime 2006, Paine et al. 2011). In other 
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words, environmental filtering should lead to 
greater morphological similarities among co-
existing species than would be expected by 
chance alone. In contrast, when competition is 
the structuring force in a community, trait val-
ues are expected to diverge (Brown and 
Wilson 1956). Following the principle of limit-
ing similarity, coexisting species should then 
present greater morphological differences 
than random sets of species (Brown and 
Wilson 1956, MacArthur and Levins  1967, 
Stuart and Losos 2013).  
Non-random patterns in trait distribution 
have been shown for a number of animal 
groups (Ricklefs and Travis 1980, Rabosky et 
al. 2007, Ingram and Shurin 2009). However, it 
is not intuitively obvious how trait variation 
mediates community assembly. That environ-
mental filtering may structure species traits is 
suggested by studies showing an association 
between the environment and trait values 
(Cornwell et al. 2006, Kraft et al. 2008, 
Fortunel et al. 2014). Other studies have im-
plied that community membership is mediated 
by biological interactions, since the coexist-
ence of organisms with similar traits has prov-
en less likely than expected by chance 
(Stubss and Wilson 2004, Vergnon et al. 
2013). Together, the two types of studies pro-
vide compelling evidences that the impact of 
environmental or biotic filters on at least mor-
phological trait variation plays a major role in 
community assembly. 
Detecting the influence of environmental 
filtering or competition using trait-based anal-
ysis is usually contingent on the scale of sam-
pling (Wiens 1989, Messier et al. 2010, 
Götzenberger et al. 2012). Also, several stud-
ies have shown that the way we define a 
community can influence the patterns of spe-
cies co-occurrence and trait distribution 
(Hanski 1982, Ranta 1982, Dayan and 
Simberloff 1994, Gotelli and Ellison 2002, 
Sanders et al. 2007). In addition, different pat-
terns may emerge depending on the taxonom-
ic level used in the study (Kraft et al. 2008, 
Belmaker and Jetz 2013), and on whether the 
study focuses on the full set of species, on a 
specific guild, or a narrow range of closely-
similar species (Hanski 1982, Dayan and 
Simberloff 1994, Rabosky et al. 2007). Usually, 
the level of competition is expected to be at 
its highest within guilds or groups of similar 
species (Diamond and Gilpin 1982), while en-
vironmental forces are assumed to be more 
pronounced between taxa (de Bello et al. 
2013). These contradictory results call for fur-
ther analyses of how the definition of a com-
munity affects the inferences that we make 
about how it was structured.  
Ants constitute an interesting model 
group to examine processes structuring 
communities, as ants are abundant across all 
types of habitats (Hölldobler and Wilson 1990) 
and as their morphology has been proposed 
to be reflective of their ecology (Kaspari and 
Weiser 1999, Weiser and Kaspari 2006, Yates 
et al. 2014).  
Experimental studies have shown that 
within ant communities, competition is high at 
local scales (Fellers 1987, Savolainen and 
Vepsäläinen 1988, Blüthgen and Fiedler 2004), 
suggesting this process to be the dominant 
force structuring these communities 
(Hölldobler and Wilson 1990, Soares 2013). 
Indeed, there is little doubt that competition 
within habitats can cause divergence among 
ants in terms of temporal niche use (diurnal vs. 
nocturnal activity), spatial distribution 
(Savolainen and Vepsäläinen 1989, Albrecht 
and Gotelli 2001, Stuble et al. 2013) or forag-
ing behaviour (Davidson 1977, Traniello 1989). 
Nonetheless, the importance of competition 
as the main factor structuring ant communities 
has recently been questioned (Ribas and 
Schoereder 2002, Gibb and Hochuli 2004, 
Cerdá et al. 2013). New evidence suggests 
that environmental filtering may contribute to 
structuring ant communities both at local and 
regional scales (Dunn et al. 2007, Wiescher et 
al. 2012, Fowler et al. 2014). These new dis-
coveries refute the idea that ant communities 
are structured by a single process (Ribas and 
Schoereder 2002; Stuble et al. 2013).  
Only species inhabiting the same eco-
system are exposed to similar biotic and abi-
otic resources and conditions. Thus, to better 
understand whether environmental filtering or 
competition is the main factor structuring ant 
communities at the level of similar species, we 
studied the trait distribution of ants within the 
six major habitats of Madagascar. We first 
examined whether the distributions of traits 
within habitat-specific ant communities devi-
ated from random expectations. We then test-
ed whether ant species can be separated into 
smaller groups on the basis of the same traits. 
Finally, to assess how our impression of struc-
turing forces will vary with the perspective 
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taken, we studied trait dispersion both within 
and across the smaller groups thus defined. 
Material and methods 
To study morphological variation among 
ants, we focussed on 12 physical traits previ-
ously identified as important for the foraging 
behaviour of ants (Weiser and Kaspari 2006): 
head length, head width, clypeus length, 
mandible length, mandible width, scape 
length, eye length, eye width, eye to mandible 
distance, Weber’s length (body size), tibia 
length and femur length. 
Traits were measured from photographs 
of ants using ImageJ (Rasband 1997-2014). All 
photographs were obtained from AntWeb 
(2011). AntWeb (2015) is a free database 
providing high quality ant images and infor-
mation on ant natural history. Depending on 
the number of photographs available for a 
specimen, between one and 11 photographs 
were used to measure the traits for each spe-
cies. When multiple photographs were used, 
the measurements were averaged. To avoid 
variability resulting from the morphological 
differences between castes, only workers 
were measured. Furthermore, for polymorphic 
ant species (i.e. species with workers special-
izing in different tasks and thus being charac-
terized by a different morphology), only the 
minor-worker caste was considered. In total, 
1897 photographs were available on AntWeb 
for Madagascar. Of these, 1152 photographs, 
representing 652 species, were used for trait 
measurements. The remaining 745 photo-
graphs presented badly position individuals 
for which it was impossible to measure some 
or all of the 12 physical traits considered in 
this study. Even very small differences in the 
exact position of a trait can bring variation and 
influence results. For this reason, we com-
pared a sample of photographed specimen 
measurement accuracy with the measure-
ments of the same specimens stored at the 
museum of California Academy of Sciences, 
USA. This comparison did not indicate signifi-
cant differences in measurements between 
actual and the photographed specimens. A 
detailed description of how traits were meas-
ured is presented in Appendix S1, Table S1. 
To delimit communities of coexisting 
ants, we used habitat types defined by the 
Kew Gardens classification (Moat and Smith 
2007). The following six habitats were consid-
ered in our study: degraded humid forest, hu-
mid forest, Western sub-humid forest, wood-
ed grassland, Southwestern dry spiny forest, 
and Western dry forest. Individual ants were 
assigned to a specific habitat based on the 
coordinates provided in AntWeb (see Support-
ing information, Table S2 for a more detailed 
explanation). Of all ant individuals measured 
for traits, 390 AntWeb records lacked both 
coordinates and any information regarding 
habitat type. These individuals were pooled in 
the “undefined habitat” type category. 
Statistical analysis 
To differentiate between the role of 
competition and environmental filtering in 
structuring ant communities, we compared the 
observed trait distribution with the distribution 
of traits expected if we assumed no associa-
tion between species and habitat. Because 
species occupying similar habitats are more 
likely to be exposed to similar environmental 
conditions, and/or to compete with each other 
(see Introduction), these comparisons were 
made separately for each of the six habitats.  
The expected trait distribution for each 
habitat was calculated as follow. First, for all 
species within a particular habitat, we calcu-
lated the observed mean nearest-neighbour 
distance (MNND) (Findley 1976) across all trait 
values in that habitat. When calculated from a 
species-by-traits matrix, the MNND reflects 
the level of similarity among species in a par-
ticular community. Second, we randomly 
sampled, without replacement, as many spe-
cies from the entire species pool as there were 
species measured for the habitat type consid-
ered. Note that species classified in the “un-
defined” habitat type were considered as be-
ing part of the entire species pool. Third, we 
calculated the MNND on the random sample 
by repeating the previous step 999 times to 
reconstruct the distribution of an expected 
MNND values. Fourth, we compared the ob-
served MNND value to the distribution of 
MNND values obtained from the 999 randomi-
zations to assess whether the MNND value 
observed in a habitat-specific ant community 
was larger or smaller than the expected 
MNND values (Peres-Neto 2004). The null hy-
pothesis of randomly distributed trait values 
was rejected if the observed MNND value was 
smaller than 2.5% or larger than 97.5% of the 
randomized MNND values. This procedure 
was implemented for each habitat category 
except for the “undefined” habitat because no 
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ecological interpretation can be made from 
species found in the “undefined” habitat type. 
K-means partitioning (Legendre and 
Legendre 2012) was used to evaluate whether 
groups of species can be formed based on 
the trait values of the entire species pool. We 
used the Calinski-Harabasz criterion (Calinski 
and Harabasz 1974) to evaluate the optimal 
number of clusters (between 2 and 10) and 
tested if the group described species with 
different trait characteristics using a permuta-
tion-based ANOVA. For each set of clusters, 
1000 random starting configurations were ini-
tiated.  
A Principal Component Analysis (PCA) 
(Legendre and Legendre 2012) was used to 
examine how species were distributed among 
the groups defined by the K-means, and how 
these groups were characterized by the vari-
ous traits considered. Because all traits were 
measured using the same units (millimetres), 
the PCA was carried out on the covariance 
matrix. 
 
 
 
Fig. 1. The observed and expected distribution of trait values within different habitat types. The grey fre-
quency histograms show the distribution of mean near-neighbour distances (MNND) expected under the 
null model (out of 999 permutations for each habitat type), whereas the black line indicates the observed 
value. Values of “p.D” and “p.C” refer to p-values of trait divergence or convergence, respectively, and “n” 
refers to the number of species in each habitat. 
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Fig. 2. Principal component analysis (PCA) presenting the relationship between 12 morphological traits 
(segments) measured on ants. The species (points) were grouped using K-means partitioning. The PCA 
biplot was drawn using a covariance scaling. In such biplots, small angles between two traits represent a 
strong correlation. Group 1 contains 70 species; Group 2 encompasses 204 species and Group 3 includes 
378 species. 
 
To differentiate between competition 
and environmental filtering within the ant 
groups defined by K-means, we employed a 
similar procedure as above. First, we calculat-
ed an observed MNND for ant species associ-
ated to a particular K-means group and found 
in a specific habitat. As before, all trait values 
were used to calculate this observed MNND 
value. Second, we randomly sampled, without 
replacement, the number of species associat-
ed to particular K-means group and specific 
habitats from the species pool of the same K-
means group. Third, we calculated the MNND 
on the random sample by repeating the previ-
ous step 999 times to reconstruct the ex-
pected distribution of MNND values for spe-
cies found in a particular habitat type and re-
lated to a specific K-means group. Finally, we 
compared the observed MNND value to the 
distribution of MNND values after randomiza-
tion. We considered the observed MNND val-
ue to be significant if it was smaller than 2.5% 
or larger than 97.5% of the randomized 
MNND values. This procedure was carried out 
for each combination of K-means group and 
habitat type. 
All analyses were performed in the R 
statistical software (R Core Team, 2014). For 
K-means partitioning and PCA, we used the 
“vegan” package (Oksanen et al. 2013). 
Results 
When all species were considered to-
gether, we did not find either convergence or 
divergence of traits: within all of the habitat 
categories, the observed MNND value was 
well within the expected distribution of MNND 
values generated by the null model (Fig. 1).  
The K-means partitioning performed on 
all species resulted in three significant distinct 
groups of ants (Fig. 2 and Fig. S3; ANOVA, F2, 
649 = 1064.3, p < 0.001). The PCA calculated 
on the same data revealed that all 12 traits 
measured were strongly intercorrelated (Fig. 2 
and Fig. S2). Body size emerged as the most 
important trait on the first PCA axis (Fig. 2). 
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For this reason, we referred to K-means Group 
1 as large-bodied ants, to Group 2 as mid-
bodied ants and to Group 3 as small-bodied 
ants (Fig. 2). 
Although the three groups of species 
defined by the K-means partitioning discrimi-
nated among ants of different size, each group 
encompassed species that were found across 
all six habitat types (Fig. 3). Contrasting with 
the results from the analyses across all spe-
cies (Fig. 1), our analyses of trait values of 
either large, small, or mid-sized ants showed 
signals of both convergence and divergence, 
with patterns varying within groups as well as 
within habitat types (Fig. 3). Convergence of 
trait values (suggesting environmental filtering) 
emerged among large-bodied ants (Group 1) 
in Western dry forest (p = 0.029, number of 
species = 10). It was also found for medium 
size ants (Group 2) in wooded grassland (p = 
0.035, number of species = 3) and South-
Western dry spiny forests (p = 0.012, number 
of species = 12). Divergence (suggesting 
competition) was only detected in small-
bodied ants (Group 3) and solely in degraded 
humid forest (p = 0.035, number of species = 
7). 
Discussion 
Our results reveal that both environ-
mental filtering and competition might be 
structuring Malagasy ant communities, but 
that the imprints of these forces is only de-
tectable at the level of morphologically similar 
groups in a particular habitat. When species of 
different sizes are blended together, the dis-
tinction between these forces is blurred. What 
our results also suggest is that the rules for 
community assembly may be context-
dependent and vary with different settings. 
Thus overall, our results emphasize the im-
portance of analysing community assembly 
patterns at different scales before the findings 
can be generalized. 
 
Fig. 3. Pie charts illustrating the role of competition and environmental filtering in each K-means group. The 
grey portions represent p-value under divergence (competition) and white portions are p-value under con-
vergence (environmental filtering) – i.e. the fraction of MNND values smaller and larger than the observed 
value, respectively. The larger the portion occupied by white or grey, the less evidence did we find for con-
vergence or divergence of traits, respectively. Significant values (p ≤ 0.05) are highlighted in the figure. The 
radius of each pie chart characterizes the number of species. Groups 1–3 are the groups defined by K-
means partitioning. 
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There is currently substantial evidence 
for competition as a force structuring tightly-
defined ant communities (i.e. in studies com-
paring similar ants within single habitat) 
(Levings and Traniello 1981, Fellers 1987, Ryti 
and Case 1992, Punttila et al. 1996). Other 
studies suggest that both environmental filter-
ing and competitive processes may be acting 
together in structuring ant communities. For 
instance, a study focusing on the body size of 
New England’s ants at regional scale found 
trait convergence in forests, but no pattern in 
bogs (Gotelli and Ellison 2002). Working in the 
Siskiyou Mountains, Sanders et al. (2007) 
found the size distribution among ants to be 
random within habitats, but segregated 
among forest habitats. This indicates that both 
environmental filtering and competition can be 
operating at sets of similar habitats. In a like 
vein, one possible explanation to why we, in 
our study, found random patterns among hab-
itats could be that environmental and biotic 
influences are cofounded at a coarser scale, 
and might become apparent only at finer scale 
(Spiesman and Cumming 2008, Gibb and Parr 
2010) as one resolves patterns among micro-
habitats (Suggitt et al. 2011). Within habitats, 
random patterns could result from individuals 
simply employing different behavioural strate-
gies and utilizing different microhabitats with-
out accompanying changes in morphological 
traits (Cerdá et al. 1998, Albrecht and Gotelli 
2001) – in which case trait distributions would 
be a poor description of realised resource par-
titioning. 
Our analysis of trait aggregation versus 
segregation was based on comparisons with 
patterns expected under null scenarios. While 
the number of species included in individual 
group-by-habitat combinations (see Results) 
may seem small, the number of species com-
binations that can be performed for each null 
model is still large enough to accurately evalu-
ate the significance level for each null model 
constructed with at least 2 species. As an ex-
ample, with Group 1, the group with the low-
est number of species (i.e. 86 species; note 
that this number includes 35 species from 
undefined habitat set), 3655 different combi-
nations of 2 species can be still constructed. 
Despite the resolution thus extant in our anal-
yses, trait segregation was only observed in 
disturbed habitats and only for small ants. 
Trait aggregation was observed only in large-
bodied and mid-body ants in the context of 
dry environments, suggesting environmental 
filtering. This could be explained by those dry 
habitats posing strong environmental filters on 
large and medium size ants allowing them to 
survive in a narrow range of those conditions, 
while in disturbed habitats competition fa-
vours trait segregation. 
The traits examined in this study were 
explicitly chosen as presumptively reflecting 
ant diet, feeding behaviour and/or habitat 
complexity (Traniello 1989, Weiser and 
Kaspari 2006). Yet, most of the traits appear 
to be intercorrelated, with body size (in com-
bination with other traits) separating the spe-
cies pool into three major groups. Body size is 
also known to play an important role in niche 
partitioning (Hutchinson 1959, Kaspari 1993), 
and to reflect habitat complexity (Kaspari and 
Weiser 1999, Farji-Brener et al. 2004, Gibb 
and Parr 2010). 
In our study, body size was in some 
cases affected by both environmental filtering 
and competition (Fig. 3), which could be asso-
ciated with increased competition in disturbed 
habitats and intensified filtering in harsh envi-
ronments (Floren et al. 2001, Ellwood et al. 
2009). Factors important in limiting ant distri-
butions are their thermo tolerance and desic-
cation resistance (Wiescher et al. 2012). Ant 
species differ in their response to these fac-
tors (Oberg et al. 2012) and ant size per se will 
not necessarily guarantee resistance 
(Wiescher et al. 2012). This association could 
explain why we observed large and intermedi-
ate size ants to be structured by environmen-
tal filtering in dry environments. In such harsh 
environments, where the risk of desiccation is 
high, one would expect species to have similar 
traits allowing them to survive in rough condi-
tions. In pristine and humid habitats stochastic 
community assembly processes are expected 
(Floren et al. 2001, Ellwood et al. 2009), but an 
increase in interspecific competition in dis-
turbed habitats is predicted (Blüthgen and 
Stork 2007). 
Our study suggested assemblages of 
small ants to be structured by competition in 
disturbed humid habitat. Small ants are nor-
mally more active in closed moist environ-
ments (Kaspari 1993). In disturbed environ-
ments, small ants could be subject to faster 
desiccation as well as to a fiercer competition 
for resources than large or intermediate size 
ants. According to the grain-size hypothesis 
(Kaspari and Weiser 1999), small ants live in 
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an interstitial environment, whereas large ants 
see the same environment as planar. While 
large size limits access to the interstitial envi-
ronment of the small ants, it offers a broader 
food size niche for the larger ants. Thus, large 
and intermediates-sized ants may be better at 
tolerating low resource availability than small 
ones, and larger ants may not experience the 
same stressors in disturbed habitats as small 
ants. As a consequence, different species of 
large ants may be less akin to competing for 
the same small-scale resources as different 
species of small ants, thereby relaxing compe-
tition. 
As an important caveat, the associa-
tions between ants in our data set was based 
on circumstantial evidence: ants were as-
signed to a habitat on the basis of general 
habitat categories; this was done at the level 
of all of Madagascar, and using only speci-
mens available from AntWeb (2011). In reality, 
the same ant species are unlikely to co-occur 
locally in all regions – and despite our best 
intentions, we may then sometimes be seek-
ing for patterns among species present in dif-
ferent local communities (Gallien et al. 2014). 
Thus, further empirical studies are needed to 
address how the traits of the three ant groups 
defined here are distributed at local scales. 
Beyond morphological traits of the individual, 
we should also address traits in its behaviour, 
and traits at the level of the larger ant colony 
(Linksvayer and Janssen 2009).  
As another warning, the patterns ob-
served in our study may be partly confounded 
by phylogenetic relations. As trait values are 
oftentimes following phylogeny, we might be 
observing apparent “trait convergence” even 
among species actually competing – if we do 
not correct for variation in the average spacing 
of trait values at different levels of relatedness 
(Mayfield and Levine 2010). The evolutionary 
relatedness of organisms, their external simi-
larity and the ecological processes determin-
ing their distribution and abundance may all 
be confounded. Yet, all of these patterns may 
also be causally interlinked, as phylogenetic 
community assembly theory predicts that 
communities consisting of more closely relat-
ed species will reflect the dominance of envi-
ronmental filtering processes, whereas less-
related communities will be the result of past 
competitive exclusion (Webb et al. 2002). 
Many communities indeed exhibit non-random 
patterns of evolutionary relatedness among 
co-occurring species (e.g. Cavender-Bares et 
al. 2009). Nonetheless, the most recent phylo-
genetic analysis of Malagasy ant community in 
two habitats supports our current findings, as 
it indicates that different forces might be 
structuring these communities in each habitat 
(Blaimer et al. 2015). The authors conclude 
that competition and environmental filtering 
might both be important in assembling these 
communities, but which process is more prev-
alent depends on the habitat type in which 
they occur (Blaimer et al. 2015). 
Whether phylogenetic patterns affect 
trait patterns across our target communities 
remains an unanswered question, as unfortu-
nately, no consensus phylogeny is yet availa-
ble for all Malagasy ants. Nonetheless, we 
note that the group of large-bodied ants de-
fined in the present study is dominated by 
genus Campanotus, as compared to a taxo-
nomically wider range of species in the group 
of small (and mid-sized) ants (cf. Supporting 
information, Table S3). Thus, morphological 
similarity among related species may contrib-
ute to the patterns observed. Comfortingly, a 
recent study indicates that many of the mor-
phological traits of ants are independent of 
phylogeny (Yates et al. 2014). A study on Mal-
agasy ant phylogenetic community structure 
(Blaimer et al. 2015) showed lack of phyloge-
netic signal and low morphological trait con-
servatism – but this study was focusing on 
local patterns within two areas only. Once an 
island-wide phylogeny becomes available for 
the Malagasy ants, it will be interesting to ex-
amine the relative contribution of phylogeny to 
similarity and dissimilarity in trait values 
among different groups of ants, respectively. 
Importantly, our study builds on a mas-
sive data of 652 unique species, with up to 
194 species in the single largest group ana-
lysed (small-bodied ants in the humid forest). 
Based on this extensive dataset, we were able 
to show that neither competition nor environ-
mental filtering are perhaps the hallmark of all 
Malagasy ant communities, but that their rela-
tive role will differ among groups of internally-
similar species as well as among habitat type. 
Thus, our results highlight the importance of 
our definition of the community for our per-
ception of the forces structuring it. If species 
of different sizes (as potentially using different 
resources and exhibiting different life styles) 
are grouped together, then relevant patterns 
may be blurred. Indeed, Cerdá et al. (2013) 
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and Soares (2013) have argued that the role of 
competition and environmental filtering at dif-
ferent scales and for various traits still remains 
unclear for many ant communities. Thus, we 
invite further research dissecting the specific 
role of each process in communities resolved 
into their relevant building blocks. 
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Supporting information 
Morphometric measurements 
In total, we measured 1152 individual ant images representing 652 species. For most of the 
species, only a single individual was available for the measurements, whereas for 267 species, 
more than one individual (2 – 12 individuals) was measured (Fig. S1). For consistency, all trait 
measurements were performed on the left-hand side of the specimen. If the feature measured 
was missing on the left side, the right-side character was measured instead. Head width, head 
length, scape length, clypeus length, mandible width and mandible length were measured from 
frontal head images. For ants with round-headed and clearly-expressed eyes, head width was 
measured through the widest part of the head, usually just above the eyes (Fig. A in Table S1). 
Head length was measured as a straight line from the most top margin of the head to the bottom 
margin of clypeus. Mandible width was measured from the clypeus margin to the apex of the 
mandible. Mandible length was measured as a straight line from the mandible insertion to the 
head to the apex of the mandible. For eyeless ants, and ants with a heart-shaped head, head 
width was measured by taking three independent measurements through the visually determined 
widest part of the head. Head length for the heart-shaped heads was measured in the same way 
as for the round-headed ants. For ants with elongated mandibles, mandible width was measured 
at the three visually widest locations of a mandible. For both heart-shaped head and elongated 
mandible width, we retained the widest measurement of the three (Fig. B in Table S1). The length 
of elongated mandibles was defined as a perpendicular line from the mandible insertion to the 
intersection of mandibles (Fig. B in Table S1). For both types of head, scape length was measured 
as a straight line from the antenna base to the apex of the scape. Clypeus length was measured 
as a straight line from the top to the bottom margin of the clypeus. Eye width and eye length, eye 
to mandible distance, Weber’s length, and tibia length were all measured from lateral photo-
graphs (Fig. C in Table S1). The measured ants had two types of eyes: round or elliptic. Inde-
pendent of the eye shape, eye width was always measured as perpendicular straight line to the 
head width and the eye length was measured as a straight line perpendicular to head length. Eye-
less ants were assigned a zero value for eye length, width and eye to mandible distance. Eye to 
mandible distance was measured as a straight line from mandible insertion to head to the lowest 
point of the eye width. Weber’s length was measured as straight line from the edge of pronotum 
to the edge of metapleuron. Tibia length was measured as a straight line from apex to the base of 
a tibia. Femur length was measured from dorsal photographs as a straight line from the apex to 
the base of the femur (Fig. D in Table S1). Scatterplots and correlation analyses revealed most of 
the morphological traits to be collinear (Fig. S2). 
Habitat classification 
We assigned each AntWeb record used in this study to one of the 18 habitat types listed in 
the Kew Gardens habitat classification map for Madagascar (Moat and Smith 2007) based on 
spatial coordinates provided by AntWeb (2011). AntWeb also provides habitat classification for 
each ant record, but we used only coordinates, because AntWeb habitat classification had a large 
number of different descriptive habitat types with no clear explanation how the habitat types 
where assigned to each record (Table S2). In addition, for some of the AntWeb records, the coor-
dinates and habitat description provided did not concede when overlaid on Kew Gardens habitat 
map (Table S2). Thus, for the purposes of our analysis, we use standardized Kew Gardens habitat 
classification. For the AntWeb records that lacked coordinates (390 records, 205 species) we de-
fined the habitat type as to “undefined” habitat with the exception of seven records. We assigned 
these seven records to the Kew gardens “humid forest” category relying only on habitat descrip-
tion provided in AntWeb for these particular records.  
While the Kew Gardens classification encompasses a total of eighteen different habitat 
types within Madagascar (Moat and Smith 2007), the AntWeb records used in this study all fell 
within the six most widespread types (Table S2). 
K-means partition groups 
We used K-means partitioning (Legendre and Legendre 2012) to evaluate whether groups 
of species can be formed based on the trait values of the entire species pool (see paper for de-
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tails). The results of K-means partitioning are presented in Figure S3. Table S3 contains a list of 
species assigned to each K-means group.  
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Table S1. Morphological traits used in the data analysis. Head-related trait measurements are measured 
differently in ant species with round heads and clearly-expressed eyes (Fig. A) from those with a heart-
shaped head and elongated mandibles (Fig. B). The rest of the measurements are measured from lateral 
and dorsal images (Figs. C - D). Photos: S. Budaviciute. 
 
Trait measured Image 
Head width 
Head length 
Scape length 
Clypeus length 
Mandible width 
Mandible length 
 
Eye width 
Eye length 
Eye to mandible distance 
Weber’s length  
Tibia length 
 
Femur length 
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Table S2. Habitat types used in the analyses. Column “Records available” indicates the number of individ-
ual ant photographs available in AntWeb (2011). 
 
Habitat classification as in Antweb Records 
available 
Number 
of species 
Kew gardens habitat 
types 
Disturbed montane rainforest 
12 12 Degraded humid forest 
Secondary forest 
Transition humid forest 
Degraded forest 
Disturbed forest patch next to tavy 
Disturbed rainforest 
Not defined, but coordinates given 
456 330 Humid forest 
Disturbed Forest, Nest 3 cm Below 
Dense forest 
Disturbed montane rainforest 
Foret dense humide de montagne 
In sandy forest 
Littoral rainforest 
Montane rainforest 
Montane shrubland 
Rainforest 
Rainforest edge 
Tropical forest 
Littoral forest 
Littoral rainforest edge 
Lowland rainforest 
Montane rainforest, marsh edge 
Montane shrubland, on rock 
Primary rainforest 
Secondary forest 
Secondary transition forest 
Wet forest 
Tropical Dry Forest  
18 12 Western sub-humid forest Not defined, but coordinates given 
Montagne forest 
Urban garden 
16 14 Wooded grassland 
Eucalyptus plantation 
Grassland 
Savanna 
Native grass 
Uapaca woodland 
Coconut plantation 
Grassland, nest in soil in 2 adjoining cells, 9.5 cm from surface 
Rubicole thicket at base of cliff 
Savannah woodland 
Roadside 
Tropical dry forest 
78 56 South Western dry spiny forest 
Spiny forest/dry forest  
Transition forest 
Spiny forest/thicket 
Gallery forest  
Transition between spiny and dry deciduous forests 
Roadside 
Tropical dry forest on Tsingy 
Tropical dry forest 
Gallery forest 
Lowland Forest 
Littoral rainforest 
Degraded forest 
Dry forest 
Across sandy trail in dwarf litoral forest 
Uapaca woodland 
Disturbed littoral rainforest 
Dry Forest 
Forest 
Rainforest 
Littoral forest 
182 134 Western dry forest 
No description provided 390 206 Undefined 
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Table S3. Species composition in each K-means group. The genus and species names given here adhere 
to the original taxonomy used in AntWeb (2011) (for updated genus and species names, the reader is re-
ferred to the current version of AntWeb (2015)). 
 
 Group 1 Group 2 Group 3 
 Large ants Medium ants Small ants 
Genus Species Species Species 
Adetomyrma   mg01;  mg02;  venatrix 
Anochetus  boltoni; goodmani; madagascarensis grandidieri 
Aphaenogaster gonacantha; swammerdami; swammerdami clara;  
swammerdami spinipes; undet 
belti; friederichsi  
Aptinoma   antongil; mangabe 
Camponotus batesii; butteli; cervicalis; cervicalis gaullei; 
darwinii; darwinii rubropilosus; darwinii themisto-
cles; descarpentriesi; dufouri; dufouri imerinensis; 
ellioti; ethicus; gerberti; gouldi; heteroclitus; 
hildebrandti; hildebrandti dichromothrix; hova; 
hova hovahovoides; hova luteolus; hova mixtellus; 
hova obscuratus; imitator; legionarium; maculatus; 
mg014; mg015; mg029; mg058; mg062; mg065; 
mg068; mg069; mg070; mg071; mg075; mg076; 
mg077; mg078; mg079; mg082; mg091; mg100; 
mg108; mg127; nossibeensis; perroti; robustus; 
roeseli 
cambouei; christi; christi ferrugineus; christi 
foersteri; christi maculiventris; concolor; drome-
darius; dromedarius pulcher; echinoploides; 
edmondi; ellioti relucens; gibber; grandidieri; 
grandidieri atrabilis; hagensii; hova becki; hova 
boivini; hova hovoides; hova radamae; kelleri; 
kelleri invalidus; leveillei; lubbocki; mg001; 
mg002; mg003; mg004; mg008; mg009; mg010; 
mg012; mg013; mg017; mg018; mg019; mg020; 
mg025; mg026; mg028; mg031; mg033; mg038; 
mg040; mg048; mg061; mg072; mg080; mg084; 
mg086; mg088; mg089; mg090; mg093; mg097; 
mg098; mg100a; mg109; mg111; mg116; 
mg117; mg118; mg120; mg121; mg125; mg130; 
mg131; mocquerysi; pictipes; putatus; quadri-
maculatus; quadrimaculatus immaculatus; 
quadrimaculatus opacatus; quadrimaculatus 
sellaris; radovae; radovae radovaedarwinii; 
reaumuri; repens; ursus; voeltzkowii 
mg034; mg039; mg092; mg094; mg096; 
mg110; mg114; mg122; sikorai 
Cardiocondyla   emeryi; shuckardi 
Carebara   fas01; fas09; fas10; fas11; fas13; fas22; fas23; 
fas24; mg13 
Cataulacus  oberthueri; wasmanni bmnh01; bmnh02; ebrardi; porcatus; regularis 
Cerapachys  mayri; p_mg02 l_mg03; l_mg05; l_mg07; l_mg08; l_mg09; 
l_mg10; l_mg11; l_mg12; lividus; mg02; mg07; 
mg11; mg12; mg14; p_mg01; p_mg03; 
p_mg08; p_mg11; undet 
Crematogaster  descarpentriesi; hova-complex_morphotype3; 
marthae 
adrepens; agnetis; degeeri;  emmae laticeps; 
grevei;  hova; hova-complex_morphotype1;  
hova-complex_morphotype2;  hova-
complex_morphotype4;  hova-
complex_morphotype5;  inops;  madagascari-
ensis;  mahery;  malala;  mg01;  nosibeensis;  
ranavalonae;  ranavalonae paulinae;  ra-
navalonae pepo;  sabatra; schencki;  sewellei 
dentata; sewellei improba; sewellii; sisa 
Discothyrea   mg02; mg03; mg07 
Eutetramorium  mocquerysi insularis 
Hypoponera   indigens; indigens bellicosa; johannae; ludovi-
cae; madecassa; punctatissima jugata; sakala-
va; sakalava excelsior 
Lepisiota   canescens 
Leptogenys acutirostris; alluaudi; angusta; bmnh01; co-
erulescens; jcr01; jcr04; jcr05; jcr35; saussurei; 
suarensis 
antongilensis; arcirostris; bmnh02; bmnh06; 
bmnh07; bmnh08; falcigera; gracilis; grandidieri; 
incisa; jcr10; jcr11; jcr12; jcr13; jcr14; jcr15; 
jcr16; jcr18; jcr19; jcr20; jcr23; jcr25; jcr27; jcr30; 
jcr32; jcr34; jcr36; jcr39; jcr40; jcr41; jcr42; jcr43; 
jcr44; maxillosa; oswaldi; ridens; truncatirostris; 
voeltzkowi 
jcr29; jcr31; jcr33 
Melissotarsus   insularis 
Meranoplus   mayri; radamae 
Metapone   madagascarica 
Monomorium   adiastolon; aureorugosum; bifidoclypeatum; 
chnodes; clarinode; denticulum; destructor; 
exiguum; ferodens; fisheri; flavimembra; 
gongromos; hanneli; infuscum; latinode; 
lepidum; madecassum; micrommaton; mod-
estum; nigricans; notorthotenes; pharaonis; 
platynode; robertsoni; robustior; sakalavum; 
shuckardi; subopacum; termitobium; versicolor; 
willowmorense_cf; xuthosoma 
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 Group 1 
Large ants 
Group 2 
Medium ants 
Group 3 
Small ants 
Genus Species Species Species 
Myrmicine  genus01 mg02; genus01 mg05 genus01 mg06; genus16 mg01; genus16 
mg02; genus16 mg04; genus16 mg05; 
genus16 mg06; genus16 mg08 
Mystrium voeltzkowi mg02; mg03; mysticum; oberthueri; rogeri; 
stadelmanni; undet; voeltzkowi_complex 
fallax; mg01; mg4 
Nesomyrmex   angulatus; madecassus; mg01; mg03; mg05; 
mg06; mg07; mg08; mg09; mg11; mg14; 
mg16; mg17; mg21; mg23; mg27; mg28; 
mg30; mg31; mg32; mg33; mg34; mg35; 
retusispinosus; sikorai 
Nylanderia   amblyops; amblyops rubescens; humbloti; 
jsl01; madagascarensis; madagascarensis 
ellisii; madagascarensis rufescens; mg01 
Odontomachus coquereli troglodytes  
Pachycondyla comorensis; jcr01; perroti jcr06, cambouei; jcr02; jcr05; jcr06; jcr07; 
jcr10; jcr11; jcr12; jcr15; sikorae; wasmannii 
ambigua; elisae; jcr14 
Paraparatrechina   glabra; myops 
Pheidole  grallatrix;  longispinosa scabrata annemariae; bessonii; lucida; megacephala; 
megacephala scabrior; mg001; nemoralis; 
oswaldi; picata; picata bernhardae; picata 
gietleni; punctulata; sikorae; veteratrix; 
voeltzkowii 
Pilotrochus   besmerus 
Plagiolepis   alluaudi; bmnh01; bmnh02; bmnh03; bmnh04; 
madecassa; mg02; mg04; mg06 
Platythyrea  arthuri; bicuspis; mg01; mg04; mocquerysi  
Prionopelta   descarpentriesi; mg01; mg02; mg03; mg05; 
mg06 
Probolomyrmex   tani 
Proceratium  bmnh01; diplopyx; mg02; mg03; mg04; mg13 bmnh02; google; mg08; mg09; mg11; mg15; 
mg16 
Ravavy    mg01 
Simopone  mg02; mg03; mg04; mg05; mg06; mg08; 
mg12 
emeryi; grandidieri; mg10; mg16; mg18 
Solenopsis   geminata 
Stigmatomma  mg01 mg02; mg05; mg06 
Strumigenys  agra actis; admixta; adsita; alperti; ambatrix; 
ampyx; apios; balux; bibiolona; bola; cabira; 
carolinae; chroa; deverra; dicomas; diota; 
dolabra; dora; ection; erynnes; europs; fautrix; 
finator; fronto; glycon; gorgon; grandidieri; 
hathor; heliani; hilaris; hoplites; inatos; ipsea; 
khakaura; labaris; langrandi; levana; lexex; 
livens; luca; lucomo; ludovici; lura; lutron; 
lysis; mandibularis; manga; mg02; mg06; 
mg75; mg76; mg77; micrans; mola; nambao; 
norax; odacon; olsoni; origo; rabesoni; rogeri; 
serket; seti; sylvaini; symmetrix; tathula; 
vazimba; victrix 
Tanipone   aglandula; maculata; pilosa; scelesta; varia 
Tapinolepis   mg01; mg03 
Tapinoma   melanocephalum; mg3; mg4; subtile 
Technomyrmex   albipes; anterops;  curiosus; difficilis; fisheri;  
innocens; madecassus; mayri; pallipes;  
voeltzkowi 
Terataner  acanthus; alluaudi; blf-bilo; foreli; gda-cost; 
gda-deco; gda-dent; gda-obli; gda-subu; gda-
tran; mg08; mg12; mg16; mg19; mg23; mg24; 
rufipes; steinheili 
gda-abru; gda-exim; gda-rugo; mg01; mg04; 
mg06; mg07; mg15; mg21 
Tetramorium   andrei; bessonii; bicarinatum; blochmanni; 
cognatum; degener; delagoense; dysalum; 
electrum; fhg-aust; fhg-echi; fhg-fulg; fhg-
maha; fhg-mala; fhg-silv; fhg-ward; isectum; 
kelleri; latreillei; marginatum; naganum; 
pleganon; plesiarum; quasirum; ranarum; 
robustior; schaufussii; sericeiventre; severini; 
sikorae; steinheili; tantillum; tosii; xantho-
gaster; zenatum 
Tetraponera  grandidieri; grandidieri variegata; hespera; 
hirsuta; hysterica dimidiata; inermis; ma-
nangotra; merita; psw112; sahlbergii; varie-
gata 
demens; exasciata; fictrix; flexuosa; hysterica; 
hysterica inflata; longula; perlonga; phrag-
motica; psw070; psw085; psw088; psw089; 
psw091; psw094; psw100; psw111; rakotonis; 
sahlbergii longula; sahlbergii spuria 
Xymmer    mg01 
Table S3. continue 
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Fig. S1 Number of individuals measured per species. 
 
Fig. S2. Scatterplots of all pairs of morphological traits. The lower diagonal panel of the pairplot shows 
scatterplots and the upper diagonal panel shows the Pearson correlation coefficient. The font size of the 
correlation is proportional to the strength of the correlation (note the strong collinearity between most of the 
variable pairs). 
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Fig. S3. Values of the Calinski-Harabasz criterion for different numbers of K-means groups. In the left-hand 
panel, each vertical colour line represents an ant species, whereas colours identify clusters. Within each 
vertical line, individual colours illustrate to which cluster the species in question is assigned given the num-
ber of clusters shown on the y-axis. The right-hand panel shows the values of Calinski-Harabasz criterion 
achieved when assuming different numbers of K-means groups. The red circle identifies an optimum at n = 
3 clusters. 
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Abstract 
Habitat modification affects species composition in a wealth of different taxa. Whether this 
will also affect the ecological functioning of communities is a key concern. In this paper, we ex-
amine how ant community composition, species richness and abundance, as well as the ecologi-
cal functions sustained by ants, will change under habitat modification in Madagascar. For this 
purpose, we compared three habitats: primary forests, secondary forests and banana plantations. 
We used two types of baited traps and two sampling years to measure how ants respond to habi-
tats, and to investigate how potential effects on community composition influence seed dispersal 
(measured as the number or amount of sentinel seeds removed), mutualism (measured by the 
amount of sugary baits removed; used as a proxy for ant-tending by honeydew-producing sap-
suckers) and scavenging (measured as the amount of protein bait removed; used as proxy for 
dead insects). In terms of ant community structure, we found no detectable difference in species 
composition, abundance or richness between habitats. Ants removed different bait types at sig-
nificantly different rates, but habitat type did not significantly affect bait type-specific removal 
rates. For both of the study years, disturbed habitats were characterized by higher removal rates 
of protein and sugary baits, but by lower rates of seed removal in secondary than in primary for-
ests and banana plantations. We therefore conclude that secondary forests can support diverse 
ant communities and the important ecosystem functions of predation and ant-Hemiptera interac-
tions, but not necessarily seed dispersal. On a more general level, our results offer the hope-
inspiring notion that moderately disturbed habitats may have the potential for supporting im-
portant ecosystem functions. What we do not yet know is whether there may be tipping points in 
disturbance versus function, as our study only spanned a limited range of disturbance regimes. 
 
Key words: Ants, ecosystem functions, Madagascar, species diversity 
Introduction  
One of the main challenges of this cen-
tury is to understand how the reduction of 
biodiversity due to anthropogenic activities 
impacts ecosystem structure and processes 
(Morris 2010). In this context, Wright and 
Muller-Landau (2006) proposed that second-
ary forests might serve as a refuge for the bio-
diversity of undisturbed forests. Nonetheless, 
Laurance (2007) criticized this prediction as 
being overly optimistic, highlighting the need 
to empirically explore the extent to which bio-
diversity is sustained in differently-degraded 
forest types. 
The accumulating evidence adds sup-
port to the concern of Laurance (2007). Over 
the last few decades, the wealth of studies 
has demonstrated how intensified land use 
(Attwood et al. 2008) and even low-intensity 
habitat modification (Gardner et al. 2008) de-
crease species diversity. The specific effect of 
habitat disturbance on species diversity ap-
pears to depend on the type and magnitude of 
disturbance (Petraitis et al. 1989, Pickett et al. 
1989, Molino and Sabatier 2001). Extreme 
disturbance can substantially alter community 
structure and eliminate species (Pickett et al. 
1989), but when such effects become im-
portant and how they relate to functioning is 
less explored, and the evidence remains 
mixed. For example, while Davis et al. (2001) 
and Edwards et al. (2014) showed the detri-
mental effects of habitat modification on dung 
beetle species richness and abundance, 
Quintero and Roslin (2005) found a quick re-
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covery of community composition with the 
regrowth of secondary vegetation. 
Quite worryingly, habitat modification 
not only affects species richness and compo-
sition, but also the structure of interactions 
among species (Morris 2010). Together, 
changes in species richness, composition and 
foodweb structure might have a tremendous 
impact on ecosystem functioning (Lewis 2009, 
Cardinale et al. 2012). A key question is then 
how ecological functions are affected by habi-
tat disturbance – of which less is known. 
Ants offer a key taxon for addressing 
the effects of habitat modification on both 
community structure and ecological function-
ing. Across the globe, ants are a species-rich 
group (Hölldobler and Wilson 1990), sustaining 
important ecosystem services such as myr-
mecochory, nutrient cycling, predation, prey 
and soil engineering (Philpott et al. 2010). Leaf 
litter ants also participate in several different 
processes such as seed dispersal, litter de-
composition and nutrient cycling, and are thus 
likely to influence ecosystems (Hölldobler and 
Wilson 1990, Philpott et al. 2010, McGlynn 
and Poirson 2012). 
Similar to patterns in other taxa, ant 
communities in undisturbed habitats have 
been found to show greater species richness 
(Widodo et al. 2004, Bihn et al. 2008, Pacheco 
et al. 2013) and abundance (Perfecto et al. 
1997, Widodo et al. 2004) than ants of sec-
ondary vegetation or agriculture habitats. Yet, 
little is known about how disturbance affects 
the ecological functions sustained by ants 
(Crist 2009). What we do know relates, for the 
most part, to the relationship between ant 
diversity and the dispersal of plant seeds. 
Here, the effects reported seem to be related 
to functional “sampling effects” (sensu 
Cardinale et al. 2006), with more diverse 
communities being more likely to include the 
functionally most important taxa (Gove et al. 
2007, Zelikova et al. 2008, Ness et al. 2009). 
As a result, even the most highly disturbed 
habitats may actually be the ones sustaining 
the highest functional rates, due to the pres-
ence of single functionally important ant taxa 
(Zelikova and Breed 2008).  
A smaller body of literature examines 
predation rates exerted by ants. Here, the evi-
dence is conflicting: while Armbrecht and 
Gallego (2007) showed that with increasing 
management of coffee plantations ant removal 
of pests diminishes, another study (Philpott et 
al. 2008) did not demonstrate such effect. 
More recently, Fayle et al. (2011) detected a 
positive relationship between ant richness and 
bait removal, but this relationship seemed 
unrelated to habitat disturbance. Hence, no 
clear link between ant predation and ant di-
versity has been clearly demonstrated, and 
more work is needed.  
Likewise, studies on ant diversity and its 
effect on mutualistic interactions with sap-
sucking insects are scarce. Most often such 
studies are carried out in fragmented land-
scapes. Braschler et al. (2003) demonstrated 
that fragmentation of grasslands affects the 
density of aphid colonies directly and not 
through an increase in ant colony density. A 
study in Swedish forest habitats at different 
stages of succession showed that changes in 
honeydew removal rates were associated with 
anthropogenic habitat disturbance through 
changes in ant nest densities (Gibb and 
Johansson 2010). These few studies show 
that habitat modification and fragmentation 
affect interactions between ants and sap-
suckers, but the broader consequences for 
overall ecosystem functioning remain largely 
unknown. Thus, further studies addressing 
changes in ant sap-sucker interactions in 
modified habitats are clearly needed. 
In this paper, we explore the links be-
tween habitat modification, ant community 
structure and ecological functions sustained 
by ants in the wet tropics of Madagascar. We 
compare three key habitats varying in their 
level of disturbance: primary forest, secondary 
forest and heavily-modified banana planta-
tions. Drawing on the general patterns sum-
marized above, we hypothesize that: 1) habitat 
modification will be associated with changes 
in 1a) the species richness and 1b) ant com-
munity composition and abundance (hence-
forth referred to as Hypothesis 1); 2) changes 
in community composition will be reflected in 
changes of the rates of three important eco-
system functions: seed scavenging, sap-
sucker mutualism and seed removal (Hypoth-
esis 2); 3) effects on community composition 
and functional rates will be the greatest for the 
most heavily-modified habitat (banana planta-
tions) compared with primary forests (Hypoth-
esis 3). 
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Material and methods 
Study site  
Ants were sampled in the Ranomafana 
National Park of southeast Madagascar. This 
area is a part of the tropical year-round rain 
biome. The biome is characterized by reduced 
precipitation for 2 - 3 months per year, as as-
sociated by a potential reduction in plant 
growth, but by no other clear seasonality 
(Schultz 2005). 
We focused on elevations between 800 
and 1200 m (however, one of our sampling 
sites was lower than 800 m and two higher 
than 1200 m), as this elevation range is recog-
nized as being the most species rich (Fisher 
2003). The sampling regions were located 
within 1 - 20 km from the Centre Valbio 
(henceforth CVB) research station 
(21°15'12.3"S 47°25'18.2"E; Fig. 1). 
 
 
 
Fig. 1. Map of the study area and sampling sites. Dots of different colour represent different sampling years, 
with the letters identifying the habitat type sampled. Some of the sampling areas were sampled in both 
years, as represented by overlapping dots. The map was produced using R (R Core Team, 2014) package 
ggmap (Kahle and Wickham 2013), using Google Maps (2014) as a base map. 
 
Ant sampling and experimental design 
Sampling sites were established in pri-
mary forests, secondary forests and banana 
plantations. To avoid spatial pseudoreplication 
(sensu Hurlbert, 1984), we chose locations in 
various parts of the park, making sure that 
plots representing the same type of habitat 
were situated at least 2 km apart (see Fig. 1). 
Preliminary sampling sites were selected using 
Google Earth maps (Madagascar 2011), where 
different shades of green suggest differences 
in vegetation structure (Tarmo Virtanen, per-
sonal communication). The habitat type of the 
sites preliminarily selected was then verified 
using vegetation maps provided by CVB (Wil-
liams and Durham, 2001 - 2003, Williams and 
Arrigo-Nelson, 2002, 2003) and the knowledge 
of local guides.  
As terrestrial ant activity is the highest 
during the wet season (Hahn and Wheeler 
2002), we performed all sampling in the period 
between October and December. Since leaf 
litter ants are characterized by high densities, 
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biomass and species richness (Lach et al. 
2010) this ant guild was explicitly targeted. In 
addition, established protocols how to sample 
them are available (Agosti and Alonso 2000, 
Bestelmeyer et al. 2000). 
In October–December 2011, we sam-
pled four sites in banana plantations, four in 
secondary forests and three in primary forests. 
Within each site, we selected a 30 x 30 m plot 
of a continuous habitat. Within each plot, we 
randomly selected two smaller plots of 10 x 10 
m each (henceforth called subplots) (Fig S1). 
In November–December 2013, we sampled a 
total of nine sites, three for each of the same 
three habitat types as in 2011. Compared with 
2011, the sampling design in 2013 was slightly 
modified, as justified by the need to minimize 
the disturbance to the sampling area when 
baits were changed every few hours (see be-
low for sampling details). Thus, in 2013 the 
dimensions of each plot were 21 x 21 m, and 
each plot was subdivided into four 7 x 7m 
sub-plots, with sub-plots separated by 7 m 
(Fig. S1). 
In both years, the plots were separated 
from each other by at least 1 km (Fig. 1). Thus, 
each plot was considered an independent ant 
community. In 2011, we placed 10 pairs of 
seed baited pitfall traps in a plot. The location 
of the traps was randomly assigned to 
squares of 1m2 within the two subplots of 
2011. In 2013, we placed 15 trap pairs in each 
plot (5 trap pairs per bait type), assigning them 
randomly among the four subplots. In both 
years, each trap pair consisted of a baited 
pitfall trap (diameter 60 mm; depth 68 mm; 
volume 100 ml) with 15 ml of odour-free soap 
water covered with metal mesh (mesh eye size 
3 x 3 mm) and another trap made of 3 x 3 mm 
metal mesh and a plastic platform to accom-
modate the bait (diameter 80 mm; depth 68 
mm; this trap henceforth called “rate trap”; Fig 
S2). Of these, the first trap was intended to 
catch ant individuals responding to the bait in 
question, whereas the second trap was used 
to measure the rate of bait removal by ants.  
In each year, the traps within a trap pair 
were placed 20 cm from each other in a 
North-South direction where possible. In cas-
es when N-S placement was prevented by, for 
example, a rock or large tree roots, we placed 
the traps in a random direction, while main-
taining an internal distance of 20 cm. To pre-
vent flooding, we used 220 mm diameter plas-
tic plates supported by wire legs 200 mm 
above both types of traps. In 2011, trap pairs 
were left in the field for 24h, but in 2013, the 
traps were left in the field for only nine hours 
and changed several times during the day (see 
further details below). 
To measure ant responses and their ef-
fects on ecosystem processes, we focused on 
proxies for three ecological functions: preda-
tion, plant seed removal and mutualism be-
tween ants and honeydew-producing Hemip-
tera. As a measure of predation, we used sar-
dine baits, as a measure of interactions with 
plant seeds, we used the seeds of Sesamum 
indicum (henceforth ‘sesame seeds’ or 
‘seeds’), and as a measure of mutualistic in-
teractions between ants and honeydew-
producing Hemiptera, we used honey baits. 
In 2011, we placed 5 trap pairs with 30 
sesame seeds within a subplot. The baits were 
counted the night before the sampling, 
wrapped in a synthetic mesh of 50 mm2 (1 x 1 
mm eye size) and then in aluminium foil for 
transportation. For rate traps, we used only 
aluminium foil to wrap the counted bait. This 
aluminium was then removed before placing 
the bait in the trap. In pitfall traps, we hung the 
mesh-wrapped bait on a 50 mm metal wire 
attached to the metal mesh covering the cup. 
In the rate trap, the bait was placed directly on 
the plastic platform.  
In 2013, we aimed to measure seed re-
moval, predation and ant-Hemiptera mutual-
ism. We used the same number of trap pairs 
for each bait type as in 2011 for seed baits. In 
addition, we used 1g of canned sardines in oil 
(removing the oil before exposing the bait for 
sampling) and 1g of honey. Instead of 30 ses-
ame seeds, we used 1g of seeds, because 
sampling in 2011 demonstrated that seed 
weights were easier to record in the field than 
counts. As before, we weighed and prepared 
the baits the night before the sampling. The 
baits were placed in 1.5 ml Eppendorf tubes 
and tightly closed before transportation. In the 
field, we opened the Eppendorf tubes to ex-
pose the bait and hung them inside the pitfall 
trap on a 50 mm wire attached to the metal 
mesh cover. For rate traps, we placed the 
opened Eppendorf tube on the plastic plat-
form (Fig. S2). 
Trap pairs were placed and baits 
changed in each block three times between 
8AM and 6PM. In rate traps, the baits were 
replaced with new baits each time the trap 
was emptied. Pitfall traps and baits were re-
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placed at each emptying and traps were rein-
stalled in their precise original location, thus 
minimizing disturbance to the area. 
To compare the abundance of ants fall-
ing randomly into our pitfall traps to those ac-
tually attracted to the baits in 2013, we placed 
one control pitfall trap at a random location 
within each plot (Fig. S1). This trap was filled 
with odour-free soap water with an empty 
Eppendorf tube attached to the mesh cover.  
In both years, the remaining bait in rate 
traps was collected and weighed using 0.01g 
precision scales or counted in a laboratory at 
CVB, or at the base camp when the sampling 
was conducted as a part of an expedition into 
the park interior. Of the authors, S. Bu-
daviciute identified ant specimens from pitfall 
traps into genera and further divided to mor-
phospecies or species	 using Antweb (2014) 
and the most recent identification keys availa-
ble for Malagasy ants (Fisher 2000, 2009, 
Heterick 2006, Fisher and Smith 2008, LaPolla 
et al. 2010, Blaimer 2010, Hita Garcia and 
Fisher 2012a, b, 2014, Rakotonirina and Fisher 
2013, Fisher and Fisher 2013, Bolton and 
Fisher 2014, Yoshimura and Fisher 2014). 
Statistical analysis 
To examine differences in species rich-
ness among habitats, we calculated sample-
based rarefaction curves (Gotelli and Colwell 
2001). For this, we defined the catch from 
each individual trap within each bait and habi-
tat type as a sample, then aggregating such 
samples in a random order. Thus, we calculat-
ed nine rarefaction curves (3 bait types x 3 
habitat types) for 2013 and three curves for 
2011 (1 bait type x 3 habitat types). To gener-
ate the curves and their 95% confidence in-
tervals, we used 1000 permutations. All anal-
yses were performed using R (R Core Team, 
2014) package vegan (Oksanen et al. 2013), 
function specaccum with method random. 
To assess whether bait removal in dif-
ferent habitats is associated with habitat-
specific differences in species composition 
and abundance, we performed non-metric 
multidimensional scaling (NMS) of samples for 
each sampling year separately. The NMS 
method has been shown to be robust to slight 
deviations from the assumption of non-
linearity among variables, and thus to be well 
suited for community data (McCune et al. 
2002). As a measure of similarity, we used the 
Bray-Curtis dissimilarity distance, which gives 
less weight to rare species (Bray and Curtis 
1957). In the NMS analyses, the stress (a 
measure of goodness-of-fit) of the three-axes 
solution was lower than those of the two-axes 
solution, and the three-axes version was thus 
used (McCune et al. 2002). In addition, to as-
sess the statistical significance of the differ-
ence between habitats in species abundance 
and composition, we used multi-response 
permutation procedure (MRPP) with 1000 
permutations of the Bray-Curtis distance ma-
trix. In the MRPP analysis, the effect size (A) 
and p-value (Mielke and Berry 2001) was used 
to evaluate within-group (i.e., habitat) homo-
geneity compared to chance alone. In com-
munity ecology, effect sizes A < 0.1 are com-
mon (McCune et al. 2002). To test for differ-
ences in ant community structure and species 
richness, all analyses were repeated for all 
three bait types as applied in 2013. All anal-
yses were performed using R package vegan 
(Oksanen et al. 2013). 
To test for an effect of a habitat on bait 
removal, we used generalized linear mixed-
effects models with a random intercept. We 
modelled the removal of each bait type as a 
separate function of habitat (a categorical, 
fixed effect), with subplots nested within plots 
included as a random effect. For the 2011 
data, the response was a count of baits re-
moved, and we thus assumed a log link func-
tion and Poisson-distributed errors. For the 
2013 data on the amount (i.e. weight) of bait 
removed, we assumed an identity link and 
normally distributed errors, square-root trans-
forming the weights to improve the normality 
of residuals and the homogeneity of variance. 
To test the significance of individual factors, 
we used log likelihood ratios. This method is 
particularly useful for comparing nested mod-
els of the current type (McCullagh and Nelder 
1989). Thus, we used the analysis of deviance 
to compare a model with the factor included 
(the full model) with one from which it was 
omitted (the null model), using the anova func-
tion in R (R core team 2014). If the associated 
change in model deviance was non-
significant, the factor was dropped and the 
best-fitting, reduced model retained. All mod-
els were fitted in R using the lme4 package 
(Bates et al. 2015). 
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Fig. 2. Sample-based rarefaction curves with 95% confidence intervals (grey polygons) for species record-
ed in seed-baited pitfall traps in 2011 and in pitfall traps baited with fish, honey and seed in 2013. The x-
axis represents the number of samples aggregated in a random order. 
 
Results  
Hypothesis 1a: Does species richness 
differ between habitats? 
Overall, secondary forests showed 
slightly higher species richness than did pri-
mary forests, a pattern repeated for all baits 
except for 2011 seed baits. Here, species 
richness was the highest in primary forests 
(Fig. 2). However, most of the species-
accumulation curves were far from saturating, 
and their shape provided no evidence for dif-
ferences in species richness among different 
baits and habitats (Fig. 2, Table S1 and S2). 
Hypothesis 1b: Does species composi-
tion and/or abundance differ between 
habitats? 
Multidimensional scaling did not indi-
cate any consistent differences in species 
composition or abundance between habitats 
(Fig. 3, Tables S1 and S2). Likewise, there 
were no significant differences between 
groups in MRPP (Table 1). In fact, primary 
forests sustained only three unique species 
not detected in other habitats (Table S1 and 
S2), whereas a handful of species (eight spe-
cies in 2013 and seven in 2011, respectively) 
present in banana or secondary forests were 
missing from primary forests (Table S1 and 
S2, Fig. 3). In 2013, there was more variation 
in species composition between different baits 
than between different habitats (Fig. 3 and 
Tables S1 and S2). However, none of these 
differences in abundance or composition was 
significant (Table 1). 
Hypothesis 2: Does the rate of ecosys-
tem functions differ between habitats? 
Habitat type did not significantly affect 
bait removal rates in either sampling year (Ta-
ble 2). However, in 2011, ants in primary for-
ests removed a similar number of seeds as in 
secondary forests (Fig. 4). This pattern con-
trasts with that observed in 2013, where the 
rate of seed removal was non-significantly 
higher in primary forests than in secondary 
forests (Fig. 4). Honey and fish baits were re-
moved at higher rates in disturbed habitats 
than in primary forests, but again the differ-
ences were non-significant. 
 
Table 1. Results of multi-response permutation 
procedure (MRPP) for two sampling years and 
different bait types. 
 
Bait 
type Statistics 2011 2013 
Seeds MRPP   A = 0.04, p = 0.57 
  A = -0.03, 
p = 0.67 
Fish MRPP Not measured 
  A = -0.05, 
p = 0.77 
Honey MRPP Not measured 
 A = 0.06, 
p = 0.08 
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Fig. 3. Non-metric multidimensional scaling plots of ant communities recorded by A) seed baits in 2011, B) 
seed baits in 2013, C) fish baits in 2013 and D) honey baits in 2013. As a basis for the analysis, we used 
data on species abundances from each baited pitfall trap. The ellipses around the species names represent 
95% confidence interval for species abundance averages. 
 
Hypothesis 3: Are differences in species 
diversity and functional rates the larg-
est between the two extremes of habi-
tat disturbance? 
While we a priori predicted that differ-
ences in community composition and func-
tional rates would be the most pronounced 
between the most heavily-modified habitat 
(banana plantations) and the primary forests, 
no such pattern appeared. In fact, all baits 
were removed at a higher rate in banana plan-
tations than in primary forests, except for seed 
baits in 2013 – but these differences were 
non-significant. Primary forests had a higher 
number of ant individuals than banana planta-
tions for all bait types in 2013, except for 2011 
seed baits (Table S1). However, banana plan-
tations overall showed consistently the lowest 
species richness for both sampling years. For 
2011 seed baits, overall species abundance 
was higher in banana plantations with the 
most abundant species Pheidole sp.6 (Table 
S2). In banana plantations, seven primary for-
est species were absent, but the same num-
ber of banana plantation species was absent 
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from primary forests. No difference in species 
composition between banana and primary 
forests was statistically significant.  
 
Table 2. Log-likelihood tests of differences in bait 
removal among sampling years and bait types.  
 
Bait 
type 2011 2013 
Seeds χ
2(2) = 1.579, 
p = 0.45 
χ2(2) = 4.94, 
p = 0.08 
Fish Not measured χ
2(2) = 1.9, 
p = 0.39 
Honey Not measured χ
2(2) = 1.02, 
p = 0.6 
Discussion 
It has been suggested that secondary 
forest could act as a refuge for biodiversity 
(Wright and Muller-Landau 2006), but less is 
known about whether such habitat can sup-
port important ecosystem functions. In this 
paper, we empirically tested how the compo-
sition of ant communities and the ecological 
functions sustained by ants might change un-
der habitat modification in Madagascar. Over-
all, we found no clear differences in either 
community composition or functional rates 
between three differentially-disturbed habitats. 
Below, we will examine these findings in de-
tail. 
 
 
Fig. 4. Fitted means from the models represented in Table 2. Shown is the rate of bait removal in three dif-
ferent habitats for each bait type separately: A) seed bait in 2011, B) seed bait in 2013, C) fish bait in 2013 
and D) honey bait in 2013. The y-axis represents the fitted means from the model (black dots) for the bait 
amount (g) removed in 2013 and the number of seeds removed in 2011 with their 95% confidence intervals 
(vertical lines). Shown on the x-axis are three habitat types (primary forest, secondary forest, and banana 
plantation). Note that the GLMM models (Tables 1 and 2) revealed no significance differences in bait re-
moval between any of the habitat types or years.  
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Hypothesis 1a: Does species richness 
differ between habitats? 
While comparing three habitats differing 
substantially in their disturbance regime, we 
detected no clear differences in species rich-
ness between habitats. What should be noted 
is that most of our accumulation curves were 
quite step, and far from reaching an asymp-
tote. This indicates that our sampling effort 
failed to capture all species present in the 
habitat and that we may have missed a yet-
unknown proportion of rarest species. What 
we also note is that our current sampling 
methods may not have yielded a full represen-
tation of species diversity in all habitats; as 
baited traps tend to attract more generalist 
than specialist ant species (Bestelmeyer et al. 
2000). Thus, a full representation of the spe-
cies complement would require a very large 
sampling effort as implemented with a range 
of techniques. What was still evident was that 
species accumulated at a very similar rate in 
the different habitats, offering no indication of 
differences in the relative dominance of spe-
cies, or of consistent differences in species 
richness among samples of comparable size.  
Given no clear-cut evidence for differ-
ences in species diversity, our results support 
evidence from previous studies demonstrating 
high species richness and abundance of ants 
in moderately (Dunn 2004, Widodo et al. 2004, 
Luke et al. 2014) or even highly disturbed hab-
itats (Guénard et al. 2015), large forest frag-
ments (Vasconcelos et al. 2006) and early 
successional sites (Palladini et al. 2007). Yet, 
other studies have reported drastic declines in 
ant communities, suggesting that it might take 
up to 100 years for ant communities in dis-
turbed habitats to recover to their original 
state (Bihn et al. 2008). Nonetheless, the study 
by Bihn et al. (2008) was conducted in an ex-
tremely-disturbed habitat: previous pasture. In 
our study, the secondary forest habitats were 
never heavily deforested, and the banana 
plantations examined were close to secondary 
or even a primary continues forest. Thus, our 
findings seem to agree with earlier sugges-
tions that even small fragments of natural 
vegetation within agriculture landscapes can 
sustain high ant species diversity (Pacheco et 
al. 2013).  
Hypothesis 1b: Does species composi-
tion and/or abundance differ between 
habitats? 
Our study resolved no significant differ-
ences in community composition between the 
habitats. This concerned both species identity 
and abundance. In terms of species identity, 
disturbed habitats hosted 87% of all species 
detected in the primary forests in 2013 and 
90% in 2011. Thus, our results agree with 
those of Woodcock et al. (2011), who found 
that while the species composition of a twice-
logged forest was slightly altered, 80% of 
species remained the same as those encoun-
tered in an unlogged forest. In terms of overall 
abundance, we found no significant differ-
ences between the habitats.  
The similarity in species composition 
between habitats in our study may be attribut-
ed both to a low initial disturbance level and to 
quick recovery from the disturbed condition. 
Most of the secondary forest sites included in 
our study are currently included in the national 
park. In terms of recovery, secondary habitats 
of the tropics quickly reach a complex struc-
ture (Guariguata and Ostertag 2001). Studies 
on other insect group demonstrated that spe-
cies composition recovers fast with the regrow 
of secondary vegetation (Quintero and Roslin 
2005). Also for ants, several studies have 
demonstrated that ant species richness and 
abundance recover quickly in secondary habi-
tats (Widodo et al. 2004), within a time frame 
of approximately 20-40 years (Dunn 2004). 
Finally, due to logistic constraints, the sites 
examined by us were relatively close to each 
other and to primary forests (Fig. 1), thus po-
tentially providing source populations of most 
species to sustain a population in secondary 
habitats. 
Highly and moderately disturbed habi-
tats had lost some of the primary forest spe-
cies but gained some species not observed in 
primary forests. However, the abundance of 
these species was low and these differences 
could thus be attributed to sampling effects 
alone. Some other species occurring in all 
three habitats also seemed to consistently 
increase in abundance in secondary forests or 
banana plantations. Whether or not some of 
these species may be seen as invasive is so 
far unknown. The frequent occurrence of a 
widespread invasive ant Pheidole megacepha-
la (Fabricius, 1793) and other invasive Phei-
dole species in Madagascar (Fisher and Fisher 
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2013) suggests that some of the Pheidole ants 
currently identified to the level of morphospe-
cies could potentially represent invasive taxa. 
However, the present level of identification 
does not suffice to establish whether this is 
the case. Tetramorium simillimum (Smith, 
1851) was another invasive ant species de-
tected in low abundance in banana plantations 
in 2011, whereas no other species detected in 
banana or secondary forests appeared inva-
sive.  
Hypothesis 2: Does the rate of ecosys-
tem functions differ between habitats?  
Our assessment of proxies for three dif-
ferent ecological functions offered no proof for 
differences in rate between habitats. Overall, 
the rate of bait removal was more reflective of 
the bait type itself than of the habitat type in 
which it was offered. Whatever pattern 
emerged in one year was also inconsistent in 
time. For example, removal of seed bait 
showed different patterns between the two 
sampling years. In 2011, we saw more seed 
removed in banana plantations than in other 
habitat types, whereas in 2013, we saw the 
highest rates in primary forests. Removal of 
fish and honey baits rates adhered to other 
patterns: here, removal rates were non-
significant but marginally lower in primary for-
ests than in secondary forests. The lack of 
differences in ant-sustained functions be-
tween habitats conforms to the lack of pat-
terns reported by (Philpott et al. 2008) for ant 
predation in different-intensity coffee planta-
tions. Thus overall, there seems to be no clear 
indication of an association between moderate 
habitat disturbance and the rate of ecological 
functioning as sustained by ants. 
Hypothesis 3: Are differences in species 
diversity and functional rates the larg-
est between the two extremes of habi-
tat disturbance? 
Contrary to priory expectations, we 
found no consistent differences in species 
diversity or functional rates between the two 
extremes of habitat disturbance – i.e. primary 
forests and banana plantations. This lack of 
patterning contrasts with previous studies 
demonstrating that high disturbance reduces 
species diversity (Philpott and Foster 2005). 
Such patterns have been attributed to a re-
duction in the availability of nesting sites with 
simplified habitat structure (Philpott and 
Foster 2005). Nonetheless, in our study, the 
lack of differences between habitats appeared 
highly consistent. First, the same lack of de-
tectable effects was observed for all three 
proxies of functioning measured: seed remov-
al, predation and ant-Hemiptera mutualism. 
Second, the lack of significant patterns within 
years was matched by inconsistency in the 
slight but non-significant patterns between 
years. This adds credence to the true lack of 
an effect. 
Conclusions 
Overall, the lack of consistent differ-
ences between habitats in terms of both ant 
community structure and in the rate of ecolog-
ical functions sustained by ants offer a hope-
inspiring message: maybe ant assemblages 
are relatively resilient to moderate habitat 
modification? Nonetheless, great care needs 
to be taken before the current findings are 
extrapolated to any setting beyond the current 
one. What we clearly cannot say is whether 
there are tipping points in disturbance versus 
function beyond the current disturbance lev-
els, as our study only spanned a limited range 
of disturbance regimes. Likewise, we stress 
that our findings may be conditional on the 
structure of the landscape where our study 
was conducted. Within the protected areas of 
the Ranomafana National Park, there is a con-
tinuous proximity of source populations, the 
impact of which we have not established.  
Having said all this, there is no reason 
not to grasp the suggestion of positive news, 
too. As secondary habitats are becoming a 
common landscape feature (Guariguata and 
Ostertag 2001), the conservation of such habi-
tats might be a useful management strategy 
from the perspective of conserving ant diversi-
ty. All taxa may not equally sensitive to habitat 
disturbances, and several researchers (e.g. 
Dunn 2004, Quintero and Roslin 2005, 
Vasconcelos et al. 2006, Luke et al. 2014), 
demonstrated that even insect groups differ 
from each other in how they react to habitat 
disturbance. Maybe some ants fall among the 
more resilient end of this spectrum? To find 
out, more research of the current kind is ur-
gently needed, ideally encompassing further 
functions in further habitat types. 
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Supporting information 
 
Table S1. Species-specific abundances recorded in 2013 for each bait and habitat type. The numbers pre-
sented are total counts of ant individuals. 
 
Habitat Banana Primary forest Secondary forest 
Bait type 
C
on
tro
l 
Fi
sh
 
H
on
ey
 
Se
ed
s 
C
on
tro
l 
Fi
sh
 
H
on
ey
 
Se
ed
s 
C
on
tro
l 
Fi
sh
 
H
on
ey
 
Se
ed
s 
Species             
Camponotus gibber  10 5 3  1    1 1 2 
Crematogaster grevei  1           
Crematogaster hova-complex  1 1 1      1   
Leptogenys grandidieri      1       
Monomorium bifidoclypeatum       2 1     
Monomorium micrommaton       2   3   
Nylanderia amblyops      14 3 1 1 5 1 2 
Nylanderia gracilis   2   3 13    3 1 
Pachycondyla cambouei    1  2  1   1  
Paraparatrechina glabra   2          
Pheidole grallatrix 1  5 5     2 8 19 6 
Pheidole longispinosa 1 17 15 6 2 13 16 14 1 22 14 8 
Pheidole sp1    1 2 20 25 15  1 2 5 
Pheidole sp3  4 1 2  3 2  1 3 11 8 
Pheidole sp5 1  2          
Pheidole sp6  11 14 4  11 10 3  11 7 5 
Pheidole sp7  1 6 3 1 18 14 7  4 1 5 
Strumigenys actis          1   
Tetramorium electrum      1  1  1 3  
Tetramorium ranarum    1  1  2  4 3  
Tetramorium (weitzeckeri) valky           1 1 
Tetramorium dysalum           1  
Tetramorium proximum cf.       1   1  1 
Tetramorium steinheili   2   4 2  1 2 1  
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Table S2. Species-specific abundances recorded in 2011 on seed baits in each habitat type. The numbers 
presented are total counts of ant individuals. 
 
Species Banana Primary forest Secondary forest 
Camponotus gibber 13 
  Leptogenys angusta  
  
1 
Leptogenys grandidieri 
 
12 
 Monomorium bifidoclypeatum 1 30 
 Monomorium hanneli 
 
1 
 Monomorium micrommaton 1 7 1 
Nylanderia amblyops 
 
338 42 
Nylanderia gracilis 16 5 5 
Nylanderia humbloti 24 1 
 Nylanderia madagascariensis 18 
  Pachycondyla cambouei 1 9 6 
Pheidole grallatrix 21 4 382 
Pheidole longispinosa 176 19 79 
Pheidole.sp1 56 236 15 
Pheidole.sp2 
 
59 
 Pheidole.sp3 127 3 42 
Pheidole.sp6 1158 70 446 
Pheidole.sp7 207 93 131 
Tetramorium electrum 9 19 53 
Tetramorium ranarum 1 1 1 
Tetramorium dysalum 
 
20 14 
Tetramorium proximum 
 
1 
 Tetramorium (weitzeckeri) valky 
  
1 
Tetramorium steinheili 
 
6 2 
Tetramorium simillimum 8 
  Tetramorium sp. 1 
  
1 
Tetramorium andohahela 
 
7 12 
Tetramorium andrei 9 
 
3 
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2011 
 
2013 
 
 
Fig. S1. Sampling design in 2011 (top) and 2013 (bottom). In 2011, we sampled four sites in banana planta-
tions, four in secondary forests and three in primary forests. Within each site, we selected a 30 x 30 m plot 
of continuous habitat (A). Among the subplots of 10 x10m, two (light orange squares) were selected. Within 
each of these, 5 trap pairs (10 traps, 5 rate and 5 pitfall traps) were placed in random 1m2 squares (B). 
Traps within pairs were situated 20 cm apart and at least 1m from the next pair of traps. In 2013, we sam-
pled a total of nine sites, three for each of the same three habitat types as in 2011. Now each plot was cho-
sen to be 21 x 21 m, with each such plot further subdivided into four 7 x 7m sub-plots, with sub-plots sepa-
rated by 7 m. Traps were placed in pairs within randomly selected squares of 1m2 each, with the chosen 
squares identified in red. A control trap was placed in the randomly selected square highlighted in light 
blue. 
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Fig. S2. Traps used to establish the community composition of ants and ecosystem services sustained by 
ants. Baited pitfall traps (A) were used to catch ant individuals attracted to bait, whereas “rate” traps (B) 
were used to measure the removal of bait by ants. Photos: S. Budaviciute. 
